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INTRODUCTION 

The ComhiNOx process is heing developed to provide a low-cost method of controlling the NO, 
emissions of coal-fired utility hoilers to very low levels. This process incorporates a family of NO, 
reduction technnlogies including staged comhustion. Advanced Rehurning (i.e. rehurning combined 
withselectivenon~atcllytic reduction) and methanol injection to cnnvert NO toNO, whichcan then 
he removed hy wet scruhhing. While individually these technologies are limited in their NOx 
reducing capahilities. in comhination they are capahle of reducing NOz emissions to extremely low 
levels at a fraction of the cost of selective catalytic reduction. 

The methanol injection step. however, is suhject to the limitation that one must have a scrubber that 
will remove NO,. The removal of SO, and NO, hy sodium-based wet scruhhers is a well -established 
technology. but the ma.jority of wet scrubhen currently in use are calcium based. Accordingly, this 
study was undertaken to determine whether or not the chemistry which occurs in calcium based 
scruhbers could he modified to allow removal of NO, as well as SO,. 

Bench-scale experiments were perfoimed in con.junction with chemical computational modeling to 
evaluate the effect of scruhhing solution composition on SO, and NO, scruhhing efficiency. In 
addition. potential hy-products were identified. Finally, larger pilot-scale tests were performed with 
a packed tower scruhher tn address scale-up issues and confirm the hench-scale results. 

BENCH-SCALE STUDIES 

The hench-scale NO, scruhhing apparatus is displayod in Figure I .  A simulated flue gas containing 
variahle amounts of NO, and SO, was flowed through a constant temperature, 80cuhic centimeter, 
huhhler containing the scruhhing solution tn he evaluated. After passing through the "scrubber", the 
gas was analyzed for O?. NOx. N,O, and SO, to determine removal efficiencies. 

Figure 2 graphically summ?rizes the hench-scale results. The numhers symholizevariouscases that 
were performed while varying slurry composition. the lines show the resulting performance ;1s ;I 
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function of time. A Ca(OH), solution (2 percent Ca(OH), by weight) achieved 99+ percent SO, 
reduction, indicating that the scrubber provides good mass uansfer. However, only 50 percent of the 
NO, was removed. Reference 1 indicates that the crucial reaction for NO, scrubbing is: 

NO, +SO; =NO,- +SO;. (1) 

With pure Ca(OH), solution, the necessary sulfite ion (SO;) tends to precipitate out as calcium 
sulfite, instead of reacting, as desired, with NO,. 

Since sodium sulfite (Na,SO,) can provide the necessary sulfite ions for NO, absorption, a 2 percent 
solution was evaluated. 99+percent S0,and 89 percentN0,capture wasobtainedinitially, however, 
this performance decreased after approximately 2 minutes of run time. After these 2 minutes, SO, 
reduction became negative and NO, reduction dropped to 17%. SO, is captured via the reaction 

SO2 + SO;. = 2HSO; (2) 

and N0,via reaction (1). Unfortunately, the SO; generated by N0,removal is a chain carrier in the 
oxidation of sulfite and bisulfite ions to sulfate and bisulfate ions. Oxidation of the bisulfite ion to 
the bisulfate ion acidifies the solution, forcing SO, back into the gas phase. 

Adding Ca(OH), to the NqSO, scrubbing solution eliminates the problem of SO, rejection by 
keeping the solution basic, however the NO, capture remains poor and short lived. Replacing the 
highly soluble Ca(OH), with very low solubility CaCO, increases the concentration of sulfite ion that 
stays in solution. This improves NO, absorption, but the sulfite ion quickly oxidizes to sulfate, 
hampering NO, removal. Experiments were conducted under conditions which inhibited the 
oxidation of sulfite to sulfate (i.e. decreasing reaction temperature and/or flue gas oxygen content). 
Even though these conditions can not be applied to a real application, they did show that if sulfite ion 
stays in solution, NO, capture improves and can be sustained for a longer period of time. 

Sodium thiosulfate (Na,S,O,) has been proposed as a method of inhibiting the oxidation of sulfite 
tosulfate(2). Wefound thatbyadding thiscompound tothescnibbingsolution (1% byweight),95% 
N0,capture was achieved and this capture was sustained for the duration of the test. Based on these 
results, the recommended slurry solution to achieve 99+ percent SO, and 95 percent NO, at bench 
-scale level is: 

9% Na,CO, 
9% CaCO, 
1% Na,S,O,. 

This scrubbing mixture was studied computationally using the mechanism of Chang et al. (1). For 
the batch experiments, the reaction was found to proceed in three stages. During the first stage, 
carbonate ion concentration falls while the concentrations of sulfate, bisulfate and sulfite ion 
increase. This first stage ends when the t;atio of carbonate to sulfite ion becomes so low that calcium 
carbonate starts to dissolve while calcium sulfite precipitates. During the second stage, the ratio of 
the concentrations of carbonate and sulfite ion are constant and the pH remains fairly steady. The 
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concentrationof sulfate ion increases until calcium sulfate starts to precipitate. The second stage ends 
when the calcium carbonate is exhausted. When this happens the pH begins to rise until it reaches 
a level at which SO, absorption fails and scrubbing solution is spent. 

The model predicts that NO, capture will remain effective through these three stages of the process, 
but the fate of absorbed NO, changes. During the first and second stages nearly all of the absorbed 
NO, will be present as nitrite. ion, with only trace amountsof the complex nitrogen sulfur ions being 
formed. During the third stage, however, the nitrite ion is converted to complex nitrogen sulfurions, 
chiefly the aminetrisulfonate ion. Near the end of the third stage the aminetrisulfonate ions are 
hydrolyzed to sulfate ion and sulfamic acid. 

While the model contains reactions which are capable of forming N,O and nitrate ions, these 
reactions are only significant at very low pH. During the bench-scale experiments samples were 
taken of the bubbler’s exhaust and, consistent with the models predictions, no significant N,O 
production was observed. Measurements were also made with EM Quant test strips on spent 
scrubbing solution. As one would expect from the model, nitrite ion was found in fresh solution but 
not in solution which had been allowed to age. Nitrate ions were not detected in the spent solution. 

PILOT-SCALE STUDIES 

Scale-up effects were investigated in two different pilot-scale facilities corresponding nominally to 
heat inputs of 2 MMBtu/hr and 10 MMBtuhr. The small pilot-scale scrubber tests were performed 
by Research Cottrell using the facility illustrated in Figure 3. The small pilot- scale scrubber consists 
of a propane combustor, absorber tower, absorber feed tank, analytical train, and solid disposal 
system. To simulate a coal-fired flue gas, variable amounts of SO, and NO, were doped into the 
exhaust upstream of the absorber tower. At the absorber tower exit, NOx, SO2, CO, and 0, were 
measured. The absorber tower is a vertical, stainless steel, 16 inch diameter tube, approximately 20 
feet in height. The simulated flue gas enters the tower from the bottom, navels through five sections 
to the top, and exits to the gas sample conditioning systems and analyzers. The first two sections can 
be packed with a light packing material toprovideimpmvedgasAiquid contact. Sectionsofthe tower 
may also be removed, if desired, to reduce absorber tower residence time. The scrubber slurry is 
continually being mixed with dry limestone, sodium salts, and water in the absorber feed tank. From 
the 200-gallon feed tank, the slurry is pumped to the top of the absorber tower and dispensed in 
counter flow to the flue gas with a single slurry nozzle. The slurry solution is drained by gravity from 
the bottom of the tower back to the feed tank. 

The first tests were performed to verify that SO, removal was possible on the pilot-scale scrubber. 
For a 6 percent limestone slurry, flue gas flow rates were varied between 127 - 140 cfm, and slurry 
flow rates were maintained at 12 gpm. Up to 99 percent SO, removal was obtained indicating 
satisfactory mass transfer. 

Simultaneous scrubbing of NO, and SO, was evaluated using scrubbing salts consisting of 49.5 
percent CaCO,, 49.5 percent Na,CO,, 1 percent Na,S,O,. Note this is approximately 1/5 of the 
concentration of Na,S,O, utilized in the bench-scale tests. During this test series, the following 
parameters were varied: liquid/gas ratio (liquid flow and gas flow were independently varied), 
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concentration of sodium carbonate in slurry, concentration of sodium thiosulfate in slurry, and initial 
NO, concentration. NO, removal efficiency ranged between 65 and 90 percent while maintaining 
97 - 99 percent SO, removal. 

The ratio of slurry flow rate to flue gas flow rate is defined as the liquid to gas ratio (UG),  and is 
expressed here in units of (gallons of sluny)/(loOO cubic feet of gas). The slurry flow and gas flow 
were varied independently of one another. Figure 4 summarizes the effects of UG ratio on NO, 
scrubbing efficiency. As would be expected, a largerL/G ratio results in higher NO, removal. Even 
though not depicted in the figure, data indicate that gas flow rate has a larger affect on the NO2 
scrubbing efficiency than slurry flow rate. By decreasing the gas flow rate by a small fraction (from 
135 to 115 cfm), efficiency increased from 77 to 84 percent. However, when the slurry flow rate was 
nearly doubled (1 1.4 to 20 gpm), the efficiency only increased by approximately the same amount, 
77 to 85 percent. 

Experiments were performed to determine the effect of initial NO, concentration on NO, scrubbing 
efficiency. Slurry flow rate remained approximately constant as inlet N0,concentration was varied 
by adjusting the doping gas flow rate. Results are displayed in Figure 5. The general trend shows 
that scrubbing effectiveness drops as initial NO2 concentrations increase. 

The effect of NqC0,concentration on NO, and SO, scrubbing efficiency was evaluated by diluting 
the scrubbing solution by a factor of two, while continuing to add limestone to maintain pH and ion 
concentration. Figure 6 shows that even though scrubbing efficiency was initially hampered by the 
dilution that occurs 200 minutes into the test, with time the NO, removal efficiency rose again to 
approximately the same level as before the dilution. Even after diluting the slurry a second time, the 
NO, scrubbingefficiency returned to almost the original value. Thesedataindicate that N0,removal 
efficiency is not sensitive to Na,CO, concentration in this range. 

The effect of sodium thiosulfate concentration was tested by adding an additional 3.8 mmol of 
sodium thiosulfate per liter of solution. As expected, NO, removal efficiency jumped from 65 
percent to 89-90 percent within 15 minutes, and SO, removal efficiency remained at 99+ percent. 
The thiosulfate inhibitsoxidation of sulfite to sulfate, sustaining the presenceof sufficient sulfite ions 
for NO, capture. 

Throughout the experiments discussed above, scrubbing solution composition measurements were 
periodically taken. In general, these observations wereconsistent with the model and the assumption 
that the scrubber wasoperatingin the secondstage (see previousdiscussion). Themodelis, however, 
limited in its ability to account for sulfite ion oxidation, therefore, not surprisingly, sulfite to sulfate 
conversion was much higher than predicted. The small pilot-scale studies also show ninate ion as 
a major product, contradicting both model's prediction and the bench-scale results. 

A single test was performed in EER's large pilot-scale facility. The large pilot-scale scrubber facility 
consists of a simple spray tower with a pad-type demister. The spray tower is 6 ft in diameter and 
16 ft high, with an array of 16 spray nozzles. Natural gas combustion products were doped with NO, 
to a concentration of 74 ppm. SO, was not added. The test was conducted at an L/G ratio of 
approximately 30 gal/lOOO acf and the scrubbing solution was 9 percent CaCOJg percent NaOWl 
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percent Na,S,O, The testresultsarealsoshown inFigure4. Much higherN0,removal wasachieved 
than was expected based on the small pilot-scaleresults. Thismay have been due to the much higher 
concentration of sodium thiosulfate used in the large pilot-scale test. However, additional tests are 
necessary to validate this hypothesis. The results do indicate that high N0,removal efficienciescan 
be achieved even with a relatively primitive scrubbing system operatingat L/G ratios similar to that 
of large commercial scrubbers. 

DISCUSSION 

The primary goal of this research, demonstration of efficient NO, and SO, scrubbing in a calcium 
based wet limestone scrubber, has been achieved. Two important questions, however, remain with 
respect to the disposability of the products produced by this modified scrubber. First, there is the 
question of whether or not using sodium compounds in the scrubbing solution will result in 
unacceptable sodium contamination of the calcium sulfate/sulfite product. Since wet scrubbers 
require considerable amounts of makeup water, it is theoretically possible to solve this problem by 
washing the calcium sulfate/sulfite with the makeup water, but this option would require an 
engineering design study which has not been done. 

The second question of disposability regards the formation of nitrate ion seen in the pilot-scale 
experiments. This ion formation was not detected during bench-scale or computer modeling studies. 
One possible explanation for this discrepancy is that as the scrubbing liquid passes downward 
through the absorber tower, it reaches a point at which its ability to absorb SO, is completely 
exhausted. This low pH condition was not considered in the modeling study, yet it may responsible 
for the increase in nitrate concentration. Mechanisms within the computer model do, in fact, show 
nitrate ion formation at low pH levels. 

While the possible formation of nitrate ion will require further research, there are a number of ways 
in which this problem might be solved. Adjustment of scrubbing conditions so that the solution is 
prevented from over-reacting may prevent nitrate formation. Alternatively, if nitrate forms by 
oxidation of nitrite ion, the removal of nitrite ion by reaction with NH,SO,H may prevent nitrate 
formation, or, all else failing, nitrate ion could be removed by selective reduction with scrap 
aluminum (3). In a brief study the authors found that this method works quite well with shredded 
soda cans as the source of aluminum. 
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Figure 1.  Experimental set-up for NOJSO? scruhhing experiments. 
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Figure 2. Bench-scale scruhhing sludies results 
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Figure 3. Schematic of the pilul-scnle scruhhrr. 
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SRSTRAC'I 

E l e c t r o s t a t i c  p r e c i p i t a t i o n  i s  a l e a d i n g  means o f  p a r t i c u l a t e  e m i s s i o n s  
c o n t r o l  f o r  l a r g e  i n d u s t r i a l  and t i t i l i t ?  p l a n t s .  I t  e f f e c t s  c o l l e c t i o n  
o f  t h e  p a r t i c u l a t e  m a t t e r  by c h a r g i n g  t h e  p a r t i c l e s  i n  a c o r o n a  
d i s c h a r g e  and c a u s i n g  them t o  m i g r a t e  t o  R grounded  c o l l e c t i n g  s u r f a c e  
u n d e r  t h e  in f l iuence  of  an e l e c t r i c  f i e l d .  A t  f i r s t  i t  m a ?  a p p e a r  t h a t  
t h i s  p r o c e s s  is  s t r i c t l v  e l e c t r i c a l  i n  n a t u r e ,  b u t  i n  r e a l i t y  t h e  
chemis t ??  of  t h e  p r o c e s s  is  jus t  as i m p o r t a n t ,  i f  n o t  moreso ,  as t h e  

r i c a l  a s p e c t s  are t o  t h e  e f f i c i e n c y  o f  t h e  p r o c e s s .  The i m p o r t a n t  
c h e m i c a l  e f f e c t s  a r e  s e e n  p r i m a r i l y  i n  t h e  g a s  p h a s e  c h e m i s t r y  a s  i t  
i n f l u e n c e s  e l e c t r i c a l  breakdown,  or s p a r k i n g ,  and  p a r t i c l e  s u r f a c e  
c h e m i s t r ? .  as i t .  i n f l u e n c e s  c o n d u c t i x - i t ?  and c o h e s i v i t y .  T h i s  p a p e r  
p r e s e n t s  examples  of  the u s e  of  c h e m i c a l  methods t o  enhance  t h e  
p r e c i p i t a t i o n  p r o c e s s  incln.iding t h e  u s e  o f  c h e m i c a l  c o n d i t i o n i n g  a g e n t s  
t o  improx'e p a r t i c l e  c o n d u c t i v i t r  or cohesiT-it!: or t o  i n c r e a s e  g a s  
breakdown s t r e n g t h .  A L S O  d i s c u s s e c l  a r e  s p e c i f i c  e f f e c t s  o f  s u l f u r ,  
sod ium,  c a r b o n  and v a r i o u s  m e t a l s  i n  d e t e r m i n i n g  t h e  v i a b i l i t ? .  o f  
e l e c t r o s t a t i c  p r e c i p i t a t i o n  i n  a six-en a p p l i c a t i o n .  A s e c t i o n  i s  a l s o  
d e v o t e d  t o  a d i s c u s s i o n  o f  t h e  u s e  o f  c o r o n a  d i s c h a r g e  t o  p romote  
c h e m i c a l  r e a c t i o n s  f o r  a i r  p o l l u t i o n  c o n t r o l .  

THE ELECTROSTATIC PRECIPITATION PROCESS 

E l e c t r o s t a t i c  p r e c i p i t a t i o n  is a l e a d i n g  means f o r  t h e  c o n t r o l  of  
p ~ r t  i c u l a t e  e m i s s i o n s  from l a r g e  i n d u s t r i a l  and  power gene ra t . i on  
s o u r c e s .  I t  i s  c a p a b l e  o f  vet->- h i g h  p a r t i c u l a t e  r emova l  e f f i c i e n c i e s ,  
i n c l u d i n g  t h e  c o n t r o l  of  t h e  submic ron  p a r t i c u l a t e  f r a c t i o n .  . The 
e l e c t r o s t a t i c  p r e c i p i t a t i o n  p r o c e s s  i s  d i f f e r e n t  from o t h e r  m e c h a n i c a l  
means of  p a r t i c u l a t e  c o n t r o l ,  s u c h  as f i l t e r s  and c ? . c l o n e s ,  i n  t h a t  i t  
u s e s  e l e c t r i c a l  f o v c e s  t o  s e p a r a t e  t h e  p a r t i c l e s  f rom t h e  g a s  s t r e a m .  
These  e l r c t r i c a l  f o r c e s  a r e  a p p l i e d  by e x p o s i n g  t h e  p a r t i c l e s  t o  a 
corona  d i s c h a r g e ,  t h e r b y  c h a r g i n g  them e l e c t r i c a l l y ,  and t h e n  p l a c i n g  
them i n  a zone  o f  h i g h  e l e c t r i c  f i e l d  s t r e n g t h .  The r e s u l t a n t  
e l e c t r i c a l  f o r c e ,  p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  t h e  p a r t i c l e  c h a r g e  
and t h e  f i e l d  s t r e n g t h ,  moves t h e  p a r t i c l e s  t o w a r d s  a grounded 
collect i n 8  s r t r f a c e  rchere t h e y  a r e  h e l d  u n t i l  p e r i o d i c a l l y  r apped  i n t o  
h o p p e r s  f o r  d i s p o s a l .  Modern i n d i i s t r i a l  p r e c i p i t a t o r s  u s e  t h e  s i n g l e -  
s t a g e  . d e s i q n  h.hich a c c o m p l i s h e s  t h e  c o r o n a  d i s c h a r g e  and e l e c t r i c  f i e l d  
f u n c t i o n s  s i m u l t ~ n e o l l s 1 : -  i n  a s i n g l e  geometry c o n s i s t i n g  o f  l ~ i g h  
v o l t a g e  d i s c h a r g e  e l e c t r o d e s  p l a c e d  between g rounded  c o l l e c t i n q  p l a t e s .  
The d i s c h a r g e  p o l a r i t y  i n  t h e s e  p r e c i p i t a t o r s  i s  n e g a t i v e .  The 
d i s c h a r g e  e l e c t r o d e s  t h e m s e l v e s  a r e  e i t h e r  s m a l l - d i a m e t e r  w i r e s  or more 
r i g i d  b o d i e s  w i t h  p o i n t s  o r  s h a r F  e d g e s .  A s h a r p  r a d i u s  of  c u r v a t u r e  



is n e c e s s a r y  t o  c o n c e n t r a t e  c l e c t r i c  f i e l d  s t r e n g t h  t o  a l loi i  s o r o n a  
d i s c h a r g e .  

Although e l e c t r o s t a t i c  p r e c i p i t a t i o n  is  e l e c t r o p h y s i c a l  i n  n a t u r e ,  
t h e  p r o c e s s  e f f i c i e n c y  and  v i a b i l i t > -  a r e  s t r o n g l y  i n f l u e n c e d  by 
o t h e r  s c i e n t i f i c  d i s c i p l i n e s ,  e s p e c i a l l y  g a s  and s u r f a c e  c h e m i s t r ? .  
I n  f a c t  much of  t l l e  o r i g i n a l  deve lopmen t  w o r k  o f  t h e  p r e c i p i t a l o r  i i a s  
c a r r i e d  o u t  by c h e m i s t s  and  m e t a l l u r g i s t s .  D r .  F r e d e r i c k  C o t t r e l l  i s  
c red i t ed w i t h d e  v e  1 op i n g t h e  f i r s  t p r a  c t i c a1 e l  e c t r o s t a t i c p r e c i p i t a t o r  
i n  t h e  e a r l y  1900's. The i m p o r t a n c e  o f  c t r e m i s t r y  i n  e l e c t r o s t a t i c  
p r e c i p i t a t i o n  c a n  be  u n d e r s t o o d  by l o o k i n g  more c l o s e l y  a t  some o f  t h e  
p e r f o r m a n c e - l i m i t  in:: a s p e c t s  o f  t h e  p r o c e s s ,  namely gas-i . 'hase 
breakdown,  d u s t  l a y e r  breakdown and p a r t i c l e  r e e i i t r a i n m e n t .  
Enhancement of t h e  p r e c i p i t a t i o n  p r o c e s s  c a n  t h e n  be a c h i e v e d  by 
a l t e r i n g  t h e  s y s t e m  c h e m i s t r y  toward  m o r e  f a v o r a b l e  c o n d i t i o n s .  

ELECTRICAL BREAKDOWN OF THE G.AS PH'ASE 

E l e c t r i c a l  breakdown o f  t h e  g a s  p h a s e  a s  m a n i f e s t e d  b:- s p a r k i n g  l i m i t s  
t h e  o p e r a t i o n  of  t h e  p r e c i p i t n t o r  by impos ing  a maximum t o  t h e  \ - o l t a g e  
which c a n  he a p p l i e d  to t h e  d i s c h a r g e  e l e c t r o d e s ,  ther.eb?- l i m i t i r ~ g  t h e  
power i n p u t  t o  t h e  p r e c i p i t a t o r  as lie11 as t h e  f i e l d  s t r e n g t h  and t h e  
s u p p l y  of  c o r o n a - g e n e r a t e d  i o n s  n e c e s s a r y  t o  t h e  p r o c e s s .  S i n c e  
p r e c i p i t a t o r  e f f i c i e n c y  c a n  h e  c o r r e l a t e d  w i t h  power i n p u t ,  t h i s  
l i m i t a t i o n  is  v e r y  i m p o r t a n t .  The l e x - e l s  o f  v o l t a g e  and c o r o n a  c iu r r en t  
at  which s p a r k i n g  w i l l  o c c u r  is d e t e r m i n e d  by g a s  d e n s i t y  iind e l e c t r o d e  
s p a c i n g s  a s  well a s  t h e  c h e m i s t r y  o f  t h e  g a s  f l o w i n g  t h r o u g h  t h e  
p r e c i p i t a t o r .  I n  t h e  c o r o n a  zone .  e l e c t r o n s  a r e  e m i t t e d  from t h e  
d i s c h a r g e  p o i n t s  and move toward  t h e  g rounded  e l e c t r o d e  u n d e r  t h c  
i n f l u e n c e  o f  t h e  e l e c t r i c  f i e l d  between t h e  d i s c h a r g e  e l e c t r o d e  an4 t h e  
c o l l e c t i n g  p l a t e .  A s  t h e y  l o s e  t h e i r  i n i t i a l  e n e r g y  tlle3- t e n d  t o  
a t t a c h  t o  g a s  m o l e c u l e s  the:- e n c o u n t e r  on t h e  =a>--, fo rming  n e q a r i v e  
i o n s  which t h e n  t r a x 3 e l  a t  m u c h  lower 1 - e l o c i t i e s  t o t i a rd  t h e  grounder1 
e l e c t r o d e ,  r e s u l t i n g  i n  a more c o n t r o l l e d  c o r o n a  c u r r e n t .  G a s  
m o l e c u l e s  d i f f e r  i n  t h e i r  r e c e p t i v e n e s s  t o  a t tachme:?t  of e l + : c t r o n s .  
N i t r o g e n  f o r  example is n o t  r e c e p t i v e .  T h e r e f o r e  i n  pure n i t r o s e n  no 
i o n s  a r e  formed and t h e  c u r r e n t  is t o t a l l y  e l e c t r o n i c ,  r e s u l t i n g  i n  
h i g h  c u r r e n t  ( b e c a u s e  o f  t h e  h5.gh e l e c t r o n  v e l o c i t i e s )  alid brealiilown at  
v o l t a g e s  only s l i g h t l y  a b o v e  c o r o n a  s t a r t .  The p r e c i p i t a t i o n  process 
i s  riot p r a c t i c a l  u n d e r  t h e s e  c i r c u m s t a n c e s .  

For e f f e c t i v e  e l e c t r o s t a t i c  P r e c i p i t a t i o n ,  s m a l l  amounts  of 
e l e c t r o n e g a t i v e  g a s e s  must be p r e s e n t  i n  t h e  $as s t r e a m  t o  a t t a< :h  t h e  
e l e c t r o n s  a n d ,  t h r o u g h  t h e i r  lower i o n i c  m o b i l i t y ,  p r o v i d e  c o n t r o l l e d  
c o r o n a  c u r r e n t  ox-er a wide r a n g e  o f  1 ,o l tagc  b e f o r t  br i*akc lox-n  O C , ' I I ~ S .  

Such g a s e s  i n c l u d e  o s y g e n ,  w a t e r ,  ammonia, sltlTur d i o s i d e ,  mnily > r g a l j i c  
v a p o r s  an<l o t h e r s .  Normal i.nrliist x. ial  f l u e  p a  coi) t ; , i  11 aflc<i>i:.,te 
amount-s of  e l e c t  roneg: i t i \ -e  g a s e s  s o  g e n ~ r e t i o n  o f  s!.aFJle co rona  is not .  
u s u a l l y  R prob lem.  HClh'e\-er, t h e r e  a r e  s i t u a t i o ~ ~ s  i n  i i l i ich g a s  
c o n d i t i o n i n 2  can  be emp1oyf.d t n  r e d u r , e  t t l e  n e t  i o n  mobi>.it:- Rlld a c h i e v e  
mare s t a b l e  o p e r a t i o n .  A n  i rnportnIr t  e x a m p l e  i s  p r c c i p i t < # t i o n  a t  lo<+ 
ga? d p n s i t y .  Such a p p l . i c a t i o n s  inc l l l dp  h i g h  t e m p e r a t t t r e  o p e r a t  i o n s  
s u c h  as p r e c i p i t a t o r s  on f l i t i d  c a t  c r a c k e r  e x h a u s t  i n  t h e  petrole1,lm 
i n d u s t r y .  These  p r e c i p i t a t o r s  n o r m a l l y  o p e r a t e  a t  a b o u t  7OO'F a n d  
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f r e q u e n t l y  a r e  l i m i t e d  by p r e m a t u r e  breakdown b e c a u s e  of  t h e  low g a s  
idens i t ? .  A d d i t i o n  o f  ppm amounts  of ammonia i s  f o u n d  t o  remedy t h e  
s i t i i a t i o n  and a l l o w  o p e r a t i o n  a t  h i g h e r  power i n p u t  l e v e l s ,  t h e r e b y  
r e s t o r i n s  e f f i c i e n t  o p e r a t i o n .  

I n  o t h e r  a p p l i c a t i o n s  t h e  a d d i t i o n  o f  p e r c e n t a g e  amoun t s  o f  w a t e r  v a p o r  
c a n  have s i g n i f i c a n t  b e n e f i t s  t o  e l e c t r o s t a t i c  p r e c i p i t a t i o n  by 
a l l o w i n s  o p e r a t i o n  a t  h i g h e r  v o l t a g e  and power i n p u t  l e v e l s  b e c a u s e  o f  
t h e  net r e d u c t i o n  o f  i o n i c  m o b i l i t y .  P r a c t i c a l  i n c r e a s e s  i n  power 
i n p u t  of  20% or more c a n  be a c h i e v e d  i n  t h i s  way. 

ELECTRICAL BREAKDOWN OF THE DUST LAI-ER 

Ano the r  i m p o r t a n t  p e r f o r m a n c e  l i m i t a t i o n  e n c o u n t e r e d  by e l e c t r o s t a t i c  
p r e c i p i t a t o r s  i s  t h e  e l e c t r i c a l  breakdown of  t h e  d u s t  l a y e r  d e p o s i t e d  \ 
on  t h e  c o l l e c t i n g  e l e c t r o d e .  T h i s  c o n d i t i o n  a r i s e s  when t h e  
r e s i s t i v i t y . Q f  t h e  d u s t  l a y e r  i s  h i g h .  G e n e r a l l y  when t h e  r e s i s t i v i t y  
i s  above 10': ohm-cm, e l e c t . r i c a 1  breakdown o f  t h e  d u s t  1a:-er o c c u r s  
b e f o r e  g a s - p h a s e  breakdown.  Dust  l a y e r  breakdown i s  c a u s e d  by t h e  
de\.f.loyment of  a h i g h  v o l t a g e  g r a d i e n t  a c r o s s  t h e  d u s t .  l a y e r  wh ich  
e x c e e d s  t h e  Lreakdosn  s t r e n g t h  o f  t h e  gas i n  t h e  i n t e r s t i c e s  of  t h e  
di is t  l a y e r .  The v o l t a g e  g r n d i e n t  i s  due  t o  c u r r e n t  f l ow t h r o u g h  t h e  
Ia:-er, and is e q u a l  t o  t h e  p r o d u c t  o f  r e s i s t i \ . i t y  and  c u r r e n t  d e n s i t y .  
A s  r e s i s t i v i t y  i n c r e a s e s ,  t h e  a l l o w a b l e  c u r r e n t  b e f o r e  breakdown 
d e c r e a s r . ~ ,  a n d ,  i n  e s t  reme c a s e s ,  o p e r a t  i o n  of t h e  p r e c i p i t a t o r  i s  
s r r i c ~ u s l y  impaired.  D i i s t  l a y e r  breakdown may m a n i f e s t  i t s e l f  as 
p r e m a t u r e  s p a r k i r l g  or a s  back  c o r o n a .  Back c o r o n a  is  ,a phenomenon i n  
k-hich a s t a b l e  d i s c h a r g e  o f  p o s i t i v e  i o n s  o r i g i n a t e s  f rom t h e  d u s t  
l a y e r  b e c a m e  o f  t h e  h i g h  v o l t a g e  g r a d i e n t  p r e s e n t  t h e r e .  The p o s i t i v e  
i o n s  therr t e n d  t o  n e u t . r a l i z e  t h e  n e g a t i v e  p a r t i c l e  c h a r g e  a c h i e v e d  by 
t h e  f o r w a r d  c o r o n a  arid t h e r e b y  d e f e a t  t h e  p a r t i c l e  c o l l e c t i o n  p r o c e s s .  

Dust l a ? - e r  r e s i s t i v i t : .  i s  d e p e n d e n t  on t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  
d u s t  and i t s  t e m p e r a t u r e .  For c o a l  combus t ion  f l y a s h ,  s e v e r a l  mode l s  
arid rlules-of-thiimb e x i s t  f o r  r e l a t i n g  f l y a s h  r e s i s t i l - i t y  t o  a s h  
c o m p o s i t i o n ,  g a s  c h e m i s t r y  and t e m p e r a t u r e .  For example a compute r  
model d e v e l o p e d  by S o u t h e r n  R e s e a r c h  I n s t i t u t e  uses a l a r g e  d a t a b a s e  t o  
der iL 'e  c o r r e l a t i o n s  f o r  r e s i s t i v i t y  w i t h  v i r t u a l l y  a l l  t h e  c o n s t i t u e n t s  
of  f l y a s h .  I n  a d d i t i o n  t h e r e  a r e  many i n d i c e s  which h a v e  been  
p i1 , l i shed  i n  t h e  l i t e r a t u r e  f o r  r e l a t i n g  \ , a r i o u s  key components  t o  
r e s i s t i v i t y .  Examples i n c l u d e  t h e  a l k a l i - s i l i c a t e  i n d e x  r e l a t i n g  
r e s i s t i x i l ?  t o  t h e  r a t i o  of  sodium t p o t a s s i u m  t o  s i l i c a  t a l u m i n a ;  t h e  
S o v i e t  i n d e s  which u s e s  t h e  r a t i o  o f  s i l i c a  t a l u m i n a  t i m e s  a s h  c o n t e n t  
t.o m o i s t u r e  t hydrogen  t i m e s  s u l f u r  c o n t e n t ;  t h e  Bureau of  H i n e s  o x i d e  
i n d e s  k-hich u s e s  t h e  r a t i o  of  c a l c i u m  t magnesium o s i d e s  t o  sodium 
o x i d e  + s u l f u r  t r i o s i d e ;  and many more.  Also i t  is  g e n e r a l l y  t r u e  t h a t  
c o a l s  h i g h  i n  s u l f u r  c o n t e n t  p r o d u c e  a s h e s  wh ich  a r e  n o t  o f  h i g h  
r e s i s t i v i t y .  The p o i n t  t o  be  made is  t h a t  t h e  c h e m i c a l  c o m p o s i t i o n  o f  
t h e  d u s t  t o  be p r e c i p i t a t e d  d e t e r m i n e s  i t s  r e s i s t i v i t y ,  and t h e r e f o r e  
d e t e r m i n e s  b ,he the r  or n o t  t h e  p r e c i p i t a t o r  w i l l  have d i f f i c u l t y  i n  
o p e r a t i n g  e f f e c t i v e l y .  

T e m p e r a t u r e  d e t e r m i n e s  t h e  mode o f  e l e c t r i c a l  c o n d u c t i o n  t h r o u g h  t h e  
l a v e r ;  a t  h i g h e r  t e m p e r a t u r e s ,  e . g .  above  -100'F, v o l u m e t r i c  
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c o i ~ d ~ i c t j v i t y  o f  t h e  p a r t i c l e , j  i s  c o n t r o l l i n g ,  a n d .  a t  l o r i e l  
t e m p e r a t r t r e s ,  e . % .  be low 300'F . ;urface c o r i d u c L i v i i y  i s  c o n t r o l l i n g .  In 
t h e  t r a n s i t i o n  r a n g e  bet,ween about 3 0 0 ' F  and  -10O'F a mc:simuni i i i  

r e s i s t i \ - i t y  ! ~ s t i s L l ~  o c c u r s .  F o r  poi.er q e i i e r a t i o n  a p l . l i c a t i o r i s ,  flue 
$.,s t , empcra ture  is norma l1  :- amr ind  3 0 0 ' F  rtncl, ~:le1.,eiiJiilg on  ash  
toml 'os i l  i o i l ,  may be s u b j e c t  t c ]  h i g h  r e a i s t i i  i r y  ~-:roblem.s.  A l t l i nug l i  i t  
ma) : - t l ~ ~ t t = t i r  tlrai an e:ts> s o l u t i o i i  is t.o c i t . hc r  r a i s e  z i t '  L o ~ r r  the 
tempei.ati . ire o f  o p e r a t i o n  o f  the, p r e c i p i t a t o r ,  t h i s  i s  lint n e . . e n s a r i l ?  

a l  s o l i i t i , > n .  Lower in% t h e  i emgera t i i t ' c  m a y  r r s tu l t  2 1 1  .acid del i  
t l e m s ,  arid o p e r a t  i o n  a t  h i 9 h e r  t e m p e r a t u r e ,  tlicriipli somet i m e 3  

e f  fes.,t i v e ,  c a r r i e s  w i t h  i t  o t - t ie r  gi-ol,l.eins i I i : l i i d i n %  tlie p o s s i b i l i t : :  o f  
tlie sodiuin Giep1c.l ioii phenomenon. Sodium d e p l c z t i c n  r e f e r .  t o  t h e  
in ig rn i io r :  o f  so(1iiim oiit o f  A t l i i n  subla:.vr o f  a s h  ne:xt t o  t h e  
c o l l e c ~ i n g  s u r f a c e  u r l d < + r  t h e  i n f  liir.nce o f  the e l e c t r i c .  f i e l d  R t  Irigli 
t f ? i i i ~ , e ~ . a t i i i ' p .  The resu l t . i iug  sodium-poor  l a y e r ,  f o r  man? ashes ,  i s  i t : - e l  f 
1,ighLy i . e s i - ; t i v e  and p r e s e n t s  t h e  same h i g h  r e s i z t i ~  i t ?  1iniitat.ic.n t h e  
Iijgti I emper:ttiire opern i  i n n  %as i n t e n d e d  t o  sol.:e. The sot.liun! c lep l .? t iu i i  
p i ' o t ~ l ~ n i ,  I tol;e~-er,  has  heeri f o u n d  t o  be  t r e a t a b l e  11:- t h e  ad*.liLiori o f  
soc l i~ i i i  compoun4s t o  I.he coa l  f e d ,  a1t:hoiigh tl!is i s  .>bjeci i o i w b l e  ? c  
maiiy t m i l e i .  u p e i . a t o r s .  

A I L  e f f e c t i v e  s.erned:- f o r  h ig l i  r e s i s t i \ . i t : :  and o~i..' th3t  is p r a c t i c e d  
i i ide l :  is chcmi.ca1 c o n d i t i o n i n g  o f  tlie f l y a s h .  Chentical  i .oiidit  ioiiin.: 
i s  e f f e c t i v e  i l l  e n h a n c i n g  t h e  s u r f a c e  c o n d u c t i \ i t ) -  of Ihc. :is11 and  i s  
t h u s  q e n e r a l l y  used a t  t e i r ipe ra t i i r e s  o f  3FJG'F ..ind, belob..  Sr i l f i i r  
t r i o x i d e  i s  t h e  inosi. used  coil t . l i t ionin.:  a g e n t .  T h e  a 4 t l i t i o i i  o f  ppni 
le\-i.ls o f  s u l f u r  t r i o x i d e  t o  t h e  f l u e  g a s  c a n  r e d i w e  i e s i s t i . ' i t y  ou t  o f  
t h e  problem r a n g e  b y  adepos i i i ng  
t h e  tisir s i i r face.  riot a l l  a s h e s  
For exnmplc tlie a c i d i c  E a s t e r n  t 
c:oiid j t ien , o f t e  i i  req1.i i r i n g  h i ghe 
o:h:r hand t-he i i l l i a l i n e  k e s t e r n  
l o x  ppni of S O , .  T o  improve  t h e  
i t  has  hecome. comnion t o  c o n s i d c  
1ok ppnl l e ~ e l s  o f  ammonia i i l j e c t i o n  i n  t l k e  f l u e  :'as i n  a d d i t i o i i  t o  tht? 
S O , .  T h e  e f f e c t  o f  t-lir ammonia i s  p ro ! jn t Iy  to i n c r e a s e  t h e  pH o f  t h e  
a s h  s u r f a c e  ',o t h a t  i t  is more r e c e p t i v e  t o  t h e  a c i d .  

Ai tliouglt most comnionl?- u s e d ,  s u l f u r  t r i o x i d e  i s  u c , t  t h c  onl:; 
< .ond i i  i o n i n g  crgent found  e f f e c t  i\-e f q r  r e d u c i n g  r e s i s t i v i t y .  Othe r : .  
i n c l u d e  s u l f o n i c  a c i d ,  s t i l f an i i c  a y i k ,  amrnoni~.im s l u l f a t e  alld b i s i i l f a t e ,  
so r l ium carbouat .e ,  t r i e t h y l a m i n e ,  strid v a r i o u s  p r o p r i e t u r ?  il ipmig. H ~ Y .  1 1 1  

some c a s e s  mois.tii1.e acldir-ioti  a l o n e  is e f f e c t i v e .  



c o l l e c t e d  d u s t  b e c a u s e  of  i n a d e q u a t e  e l e c t r i c a l  c u r r e n t  ; and 
r e e n t r a i n m e n t  induced  by t h e  r a p p i n g  blow i t s e l f .  The e f f e c t  of  
r e e n t r a i n m e n t  i s  t o  r e d u c e  t h e  n e t  c o l l e c t i o n  e f f i c i e n c y  of  t h e  
p r e c i p i t a t o r .  T h i s  c a n  be a s e r i o u s  l i m i t a t i o n  i n  a c h i e v i n z  mvdern 
h i g h  e f f i c i e n c y  p a r t i c u l a t e  c o n t r o l  r e q u i r e m e n t s  i n  a r e r t s o n a b l >  s i z e d  
p r e c i p i t a t o r .  

The r e e n t r a i n m e n t  p rob lem c a n  be  g r e a t l l -  r e d u c e d  b>- ag : I .on ie~r i t  iot! : , f  
t h e  p a r t i c l e s  on t h e  c o l l e c t i n g  s u r f a c e .  T h i s  is be 
a g g l o m e r a t e s  w i l l  t e n d  t o  c a k e  and f a l l  t o  t h e  hoppers  m c  
t h a n  t h e  non-agg lomera ted  f i n e  p a r t i c l e s .  Also t h e  a45  
b e c a u s e  of t h e i r  l a r g e r  s i z e ,  a re  more e a s i l ; :  r e c c l l c c t e , i  i n  t l ie  
r ema in ing  p r e c i p i t a t o r  t h a n  t h e  f i n e  p a r t i c l e s .  l t  h a s  het+n found t l l a t  
c e r t a i n  c h e m i c a l  a d d i t i v e s  a r e  e f f r c t i \ - e  i n  p r o m o t i n y  t,llis de:.si red  
a g g l o m e r a t i o n  by e n h a n c i n g  t h e  s u r f a c e  c o l l e s i \ - i t y  o f  t h e  p a r t i c l e s .  
Some of  t h e s ?  are iimmonia, d u a l  i i i j e c t i o n  of  nnimonia arid s i r l f i i r  
t r i o s i d e ,  m o i s t u r e ,  sodium s u l f a t e  and o t h e r s .  Throirgh t.isc o f  t h e s e  
c h e m i c a l s ,  r e d i i c t i o n  o f  r e e n t r a i n m e n t  r e s u l t s  i n  a marked Idecreilsc i ~ :  
e m i s s i o n s  from t h e  e l e c t r o s t a t i c  p r e c i p i t a t o r .  I t  is  i n : e r e s t i i ! q  10 

t n o t e  t h a t  the p r e c i p i t a t o r ' s  c h i e f  r i v a l  f o r  Iligh-efficiency 
p a r t i c u l a t e  c o n t r o l ,  t h e  f a b r i c  f i ! t e r ,  a l s o  b e n e f i l s  f rom c o n d i t  i o n i n 2  
t o  i n c r e a s e  p a r t i c l e  c o h e s i \ - i t y ;  t h e  b e n e f i t s  t o  t h e  f a b r i ?  f i  i t e r  
i n c l u d e  h i g h e r  c o l l e c t  i o n  e f  f icicn;:- arid r e d u c e d  p r e s s u r r  d r c ) p  t x c a i i s e  
of  t h e  f o r m a t i o n  o f  c? more p o r o u s  f i l t e r  c a k e .  

CORONA CHEMISTRI 

The r e g i o n  immediat.ely s i i r ro i ind ing  t h e  c o r o n : ~  * l i s c l , a r g : f  poiri: <;I: t I I E  
p r e c i p i t a t o r ' s  d i s c h a r g e  e l e i ~ t r o d e  is a 1e;ic.n o f  i ! i t e n s e  el 
a c t i v i t y .  E l e c t r o n s  a r e  E m i t t e d  K i t h  Il igh c?noi~gh ene!;$y i o  c t ' e a t e  
r e a c t i v e  s p e c i e s  aucli a OH and 0 r a d i c a l s  k-hen c o l l i d i n g  ic i th  t h e  
c o n s t i t u e n t  g a s  molec i i l e s .  These  r a d i c a l s  i n  t u ? - n  c a : ~  i n i t i a t e  
r e a c t i o n s  l e a d i n g  t o  t h e  p r o d u c t i o n  of  ozone  and  ' t h e  o z i d a t i o r l  o f  
v a r i o u s  f l u e  gas componen t s ,  e .  g .  S@ and S@, , t h e r e f o r e  present in . :  t h c  
p o s s i b i l i t y  o f  g a s e o u s  p o l l u t a n t  c o n t r o l  b:- k o r o n a  i n i t i a t . e c 1  r ea : ? ions .  
V a r i o u s  i n \ - e s t i g a t o r s  have r e a l i z e d  Ch i s  p o t e n t i a l  and worb is onguirrg 
t o  d e v e l o p  p r a c t i c a l  c o r o n a  s>- s t ems  fo i .  t h e  c o n t r o l  o f  S@.. and N O .  EP.\ 
and o t h e r s  a r e  i n v e s t i g a t i n g  t h e  u s e  of  c o r o n a  f o r  \ !OC- d e s t  I u c t  i:..n, 
c l a i m i n g  d e s t r u c t i o n  of  b e n z e n e ,  t o l u e n e  and o t h e r  o rgc tn i c s  a t  t'eL-:- 
h i g h  e f f i c i e n c i e s .  

Normal e l e c t r o s t a t i c  precipitator c o n f i g u r a t i o n s  are f n r  f1,om o l ~ ~ i m ~ r n  
for t a k i n g  ad \ - a i i t age  of  c o r o n a  chemist1.F.  Tile a c t i \ - e  col 'ona r e g i o n  
o c c u p i e s  o n l y  a s m a l l  f r a c t i o n  o f  t h e  volume o f  t h e  intc.r,.iei:tr.:,,:le 
s p a c e .  T h e r e f o r e  t h e  o p p o r t u n i t y  and t i m e  f o r  e s p c s u r e  of  Lh+ g a s e o t ~ s  
components  t o  t h e  a c t i v e  s p e c i e s  i s  n o t  a d e q u a t e  f o r  good i.emo\-nl. 
Changes away from normal p r e c i p i t a t o r  d e s i g n  have  t o  be macle t o  evo l \ . e  
i n t o  a p r a c t i c a l  c o n t a c t o r  for t h e  p u r p o s e  o f  gasec t l s  p c . l i ~ l t n n t  
c o n t r o l .  E l e c t r o d e  s p a c i n g s  ha\ .e  t o  be r e d u c e d  to i n c r e a s e  t h e  
f r a c t i o n  o f  volume o c c u p i e d  by t h e  a c t i v e  s p e c i e s ;  v e r y  s h a r p  d i s c h a r g -  
p o i n t s  h a v e  t o  be used  t o  c o n c e n t r a t e  t h e  e l e c t r i c  f i e l d  s t i . eng t11  R I , ~  

d e l i v e r  h i g h  e n e r g y  e l e c t r o n s :  and p u l s e  e n e g i z a t i o n  shot l ld  b e  ttse<l t o  
maximize t h e  a p p l i e d  d i s c h a r g e  v o l t a g e .  
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F t l r t h e r  work is needed  t o  d e \ , e l o p  t h e  use o f  c o r o n a  i n i t i a t e d  r e a c t i o n s  
f o r  g a s e o u s  p o l l u t a n t  c o n t r o l .  I t  w i l l  n o t  b e  done  i n  a c o n v e n t i o n a l  
p r e c i p i t a t o r  d e s i g n .  A t t e n t i o n  w i l l  a l s o  have  t o  b e  p a i d  t o  t h e  e n e r g y  
r c q u i r e m e t i t  f o r  a c h i e v i n g  h i g h  l e v e l s  o f  p o l l u t i r n t  r emova l .  Some of  
t h e  r e p o r t e d  xork i n d i c a t e s  t h a t  t h i s  r e q u i r e m e n t  may be h i g h  depend ing  
on  t h e  p o l l u t a n t  t o  be removed.  

675 



INVESTIGATION INTO THE DISCREPANCY BETWEEN 
MWI AND MWC CDD/CDF EMISSIONS 

W. Steven Lanier, T. Rob von Alten, and Richard K. Lyon 
Energy and Environmental Research Corporation 

Imine, California 92718 

INTRODUCTION 

On February 11,1991, the EPA promulgated standards of performance for new municipal waste 
combustors (MWC’s) and emission guidelines for existing MWC’s with a unit capacity greater than 250 
tons/day of waste. These standards included limitations on total dioxins (tern- through octa-chlorinated 
dibenzo-p-dioxins or CDD) and dibenzofurans (tern- through octa-chlorinated &benzofurans or CDB. 
For new units the CDD/CDF stack emission limit was set at 30 nanograms/dry standard cubic meter 
(ng/dscm) (12 grbiilion dscf), corrected to 7 percent oxygen (dry basis), and was based on use of a spray 
9edfabric filter (SD/FF) emission control system. For existing systems the CDD/CDF emission 
pde l ine  was established at 125 ngldscm (50 grhiillion dscf) and was based on use of a dry sorbent 
injection/fabric filter @SI/FF) emission control system. In the Federal Register, the EPA concludes that 
“all types of existing MWC’s . . . applying . . . a . . . DSI/FF system can meet a dioxidfuran emission 
level of. . . 50 grbillion dscf at 7 percent [oxygen].” Based on limited emissions test data, it was 
believed that this emission level reflected a nomind 75 percent reduction in CDD/CDF emissions. 

The EPA is c&ntly developing emission standards for new and existing medical waste incinerators 
(MWIs). An initial belief was that MwIs and MWCs equipped with similar air pollution control devices 
(APCDs) would have similar CDD/CDF emission reductions and stack CDD/CDF removal being effected. 
This paper compares available CDD/CDF emission data from MWCs and MWIs and examines various 
parameters which could potentially conhibute to higher emissions from MWIs. Based on this 
examination. a oossible exolanation was develoced involvine the oartidonine of CDDICDF between the 
stack gases kd‘the capt& fly ash. Data is then presented%om’subsequez testing which supports the 
hypothesis. 

This study was funded by the U.S. Environmental Protection Agency through a subcontract to EER from 
Mid West Research InShNte. The effort was coordinated by Mr. Ken Durkee. at EPA and Mr. Roy 
Neulicht at MRI. 

EMISSION COMPARISON MWI vs. MWC 

In the discussion that follows it is important to establish that with similar APCDs, stack CDD/CDF 
concentrations from MWIs am greater than from MWCs. To accomplish this objective, it is important to 
institute a frame of reference and a set of terminology reflecting the potential for formation of CDD/CDF in 
APCDs. Figure 1 illustrates the various chemical processes and the bifurcation of material within the 
APCD. Both solid and gas phase material exit the furnace (either MWI or MWC) and enter the APCD. 
CDD and CDF may be in  either the gas phase or may be directly associated with solid phase material. 
Both phases of materials entering the APCD may also provide precursor materials or catalytic surfaces for 
fommion of CDDICDF in  the APCD. 

Within the APCD, many complex processes may occur. Surface c:italyzed remiom CIII cause fomi;iiion 
of CDD/CDF wiLh key constituents supplied from either the gas phase or from material associ:ited with the 
p:irticulate or both. When the CDDKDF, is formed it  may be reuiined on the panicle surfxe or desorkd 
to the gas phase. Any gas phase CDD/CDF entering the APCD may pass directly through the con0.01 
device or may be absorbed on solid surfaces. From a m s s  balance perspective, there is ;I flow of 
CDD/CDF into the APCD with additional CDD/CDF formed i n  the control device. The inflow plus 
generated CDD/CDF will exit the APCD through the stack or with the collected fly ash. CDD/CDF il l  tlle 
1:: phase will exit the APCD with the flue gas while the majority of the solid pliase CDDKDF will csii 
with the collected fly ash. 

Iiistorically. the effectiveness of APCD systems to “controI” CDDKDI’ emissions has k e n  based 011 
conccnudtion measurcments i n  the stack and :it the APCD iiilct, ignoring the quantity of CDD/CDF 
associated with the collected fly ash. The current study examines the available dard from MWC :IN! h l W l  
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facilities within the broader framework and attempts to identify process parameters that could be 
responsible for apparent differences in emission performances between the two classes of incinerators. 

APCD INLET CONCENTRATIONS 

The initial point of comparison between MWCs and MWIs is to compare the CDD/CDF concentration in 
the gases leaving the incinerator -entering the APCD system. Figure 2 provides a compilation of inlet 
CDD/CDF data for a variety of MWIst-5 and MWCs47.8. A relatively wide variation in inlet CDD/CDF 
concentration is observed indicating differences in equipment design and possibly mode of operation. The 
important issue, however, is that no uend is observed indicating significantly higher CDD/CDF 
concentrations corning from either type of combustion equipment 

APCD OUTL!3 CONCENTRATIONS 

There is a relatively small body of data defining the CDD/CDF emission performance of M W I s  with 
APCDs and an even smaller body for units equipped with dry sorbent injection and a fabric filter. One 
such facility is the MWI at the Borgess Medical Center in Michigan. The Borgess Medical Center 
incinerator uses dry hydrated lime injection upsaeam of a baghouse for control of acid gas and particulate 
matter. A complete description of the Borgess facility and the test program is given in Volume I1 of the 
Michigan Hospital Incinerator Emisswnr Test Program 1. 

The initial expectation was that CDD/CDF emission rates and APCD collection efficiency for the Borgess 
facility would be generally consistent with emissions from MWC facilities equipped with DSVFF. Figure 
3 illusuates outlet CDD/CDF concentrations for Borgessl and various MWCs6.7.8 with DSVFF. The 
CDD/CDF concentration from all the MWCs tested were under 60 ngldscm while the outlet concentration 
measurements at the Borgess MWI ranged between 250 and 650 ngldscm. Clearly the stack CDD/CDF 
emission concentrations from Borgess an significantly higher than emissions from MWCs with similar 
AF’CDr Moreover, comparison of the data in Figures 2 and 3 indicates that the “Control Efficiency” of 
the DSUFF at Borgess was extremely low and, on certain tests, was negative. 

CDD/CDF FORMATTON IN APCDs 

The above comparisons indicates that stack CDD/CDFemissions from Mwzs are higher than from 
MWCs. Two obvious explanations include the potential that more CDD/CDF is formed in the APCD 
system of MWIs or that DSUFF is less effective on MWIs than on MWCs. The following section 
discusses the possibility that more CDD/CDF is formed in the APCD of medical waste incinerators. 

increases wth  increasing temperature. Several laboratory studies suggest that peak formation rates occur 
when the reaction temperature is on the order of 300OC (572OF)g. Figure 4 presents the stack outlet 
CDD/CDF concentration versus APCD temperature for various MWI and MWC facilities utilizing PM 
control both with dry sorbent injection @SI) and without acid gas control. The clearly illustrates the trend 
of increased CDD/CDF emission at higher APCD operating temperature. More importantly, the data tend 
to fall into two distinct groups. At any given APCD operating temperature, MWIs emit higher CDD/CDF 
concentrations than MWCs. Based on this comparison the APCD temperature does not provide a 
reasonable basis for explaining why MWIs have higher CDD/CDF stack emissions. 

Surface Area Numerous process parameters have been suggested as key variables influencing low 
temperature formation of CDD/CDF. Since the basic formation reaction process is believed to be catalytic, 
one of the key parameters should be the amount of surface area provlded by the fly ash. In general, the 
uncontrolled (inlet to the APCD) particulate matter (PM) londing from an MWC will be about an order of 
magnitude higher than from a MWI (1-2 gr/dscf for MWCslo vs. -0.1 gr/dscf for MWIs1.3). However, 
the PM emitted by typical MWIs tends to be highly skewed tow& submicron panicles. Thus, it is 
possible that the shift in size distribution could more thin offset the reduced mass loading. 

Only limited size distribution data is available from either MWC or MWlll units. By combining actual 01 
typlcal pardcle size distridution data with mass loading data it was posible to broadly PM surface area 

Formation of CDD/CDF can occur in the APCD and the formation rate generally 



variation. This process indicated that there is not major difference between MWCS and M W I S  as regards 
the amount of PM surface area available for low temperature formation of CDD/CDF. 

Presence o fCh ’ 1 The low temperature reactions to form CDD/CDF clearly involve 
Surface mtion-than one way in which the surface could potentially participate. 
Researchers have shown a significantly greater formation of chlorinated organics when passing 
concentrations of Cl2 rather than HCI over synthetic ash 12. In these tests, the organic precursor to 
CDD/CDF was supplied by the particulate, but tests suggest an additional role for the particulate. 
Specifically, one of the standard processes for forming Cl2 is to pass HCI over a copper catalyst. Copper 
or other catalysts in the particulate could enhance formation of Clz and thereby increase CDD/CDF 
formation. Laboratory experiments using synthetic fly ash have shown that increasing the quantity of 
copper hcreased CDD/CDF formationg. Funher studies examining fly ash from many incinerators found 
a moderate correlation between copper in ash and CDD/CDFl3. 

Based on the above studies, there is at least a possibility that MWIs produce greater quantities of 
CDDKDF because of enhanced formation of Cl2. Medical waste incinerators typically have double the 
uncontrolled HCl emission compared to MWCs. The difference is due to the higher chlorine content of 
medical waste. The limited data on the amount of Cu in fly ash is not sufficient to draw conclusions on the 
comparative role of chlorine and catalysts in the formation of CDD/CDF. Although it remains possible that 
the higher chlorine content of medical waste (in conjunction with a catalyst) may influence the formation of 
CDD/CDF, there is a smng opinion that this is not the source of the observed variation in MWI and MWC 
CDD/CDF emissions. The HCI concentration from MWIs is probably no more than a factor of 2 greater 
than that from MWCs, and yet the CDD/CDF emissions are increased by a factor of 5 to an order of 
magnitude. 

SYSTEM MASS BALANCE 

The preceding evaluation, though not exhaustive, provides no explanation for the observed higher 
CDD/CDF concentration in MWI stack gases. Those evaluations, however, tend to focus on comparison 
of inlet and stack outlet CDDICDF concentrations and do not include consideration of the CDD/CDF 
associated with the collected fly ash. For a limited number of facilities it is possible to estimate the actual 
formation of CDD/CDF in APCDs. The calculation requires that a mass balance be. performed forxhe 
AFCD. The amount formed equals the total CDD/CDF leaving the system (both in solid residue and in 
stack gases) minus the quantity entering the system. While portions of thii data are available for many 
facilities, very few data sets contain all the required data. Three data sets which did contain aJI the 
necessary information are Borgess (MWI)l, Montgomery County (MWC)6, and Quebec City pilot study8 
(MWC). 

For the three facilities with sufficient data, the total CDD/CDF generated is determined by adding all of the 
exit streams and subtracting the inlet concentrations. Data for all streams were normalized by the 
volumetric flow rate of flue gas for that facility, corrected to 7% e. Results are presented in Figure 5 and 
show that CDD/CDF formation is consistent between the comparable APCD systems at Borgess (MW) 
and Quebec City (MWC) as well as with the D S E S P  equipped Montgomery County facility. By 
comparing total CDD/CDF formation in the APCD the broad groupings of data observed in Figure 4 is 
collapsed into a single line. 

GAS/SOLID CDDKDF SPLIT IN APCDS 

The preceding discussion has first shown that there is no significant difference between MWCs and MWls 
relative to the concentration of CDD/CDF exiting the incinerator. Next it has been shown that there is no 
significant difference MWCs and MWls relative to the nuss of CDD/CDF formed in similar APCD 
systems. Thus, it is suongly suggested that the source of the discrepnncy between MWC and MWI stack 
concentntions is the split bztwccn CDD/CDF coptured with the fly :is11 and CDD/CDF which esc;lpes with 
the flue gas. In general, it  is expected that CDD/CDF in  the g:is phase within the APCD will be rele;ised 
wi th  the flue gns while that asociated with the PM (fly and sorbent) will likely be captured and exit the 
APCD wid1 the solid residue. This section ex:iniines th ‘11c of CDD/CDF pmitioning in MWls ;ind 
MWCS. 
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A common perception is that under the low temperahut conditions in an APCD, CDD and CDF will 
condense onto fly ash or onto injected sorbent material. A brief examination of the CDD/CDF vapor 
pressure, characteristics shows that, in fact, condensation is not the controlling process. Figure 6 
illustrates the variation in tetra and octa CDD vapor pressure as a function of temperaturel4. AS shown, at 
300'F the vapor pressure of wta CDD is > 10-3 atmospheres and the vapor pressure of tetra CDD is about 
104 atmospheres. Thus, at 300°F. if the concentration of Octa CDD is less than loo0 parts per million. it 
will remain in the vapor phase or be evaporated if it is a free liquid on the surface of a particle. By 
comparison. loo0 ng/Nm3 of tetra CDD is equivalent to a concentration of about 50 panS per mllion. 

Based on the above data, it is clear that within AF'CDs, CDD/CDF does not condense onto the surface of 
particles and remains as a free liquid or solid. It is also a fact, however, that substantial concentrations of 
CDD/CDF are found in fly ash collected from MWCs and MWIs. For this to occur it is necessary that the 
CDD/CDF be chemically or physically bonded to the PM. The implications of this requirement will be 
examined below. 

If CDD/CDF is chemically bound to the surface of particulate matter (chemisorption), one would expect 
that bonding to be influenced by temperature. and by the nature of the particle surfaces. As regards 
temperature, one would anticipate that the bonds would tend to break as the temperature increases. This 
possibility is evaluated by examining experimental data from the MWC in Montgomery County, Ohio 
where CDD/CDF concentrations were determined in both the collected fly ash and stack gas at several 
different APCD operating temperatures. These data are important in that tests werc conducted both with 
and'without sorbent injection. Further, the Montgomery County MWC is equipped with a water quench 
upstream of the ESP which tends to remove most of the large diameter particulate. In fact, this MWC has 
a PM size dismbution entering the ESP which is quite similar to an MWI controlled-air system. 

Table 1 and Figure7 illustrate data from the Montgomery County MWC. The data have been converted 
such that both the fly ash and stack CDD/CDF concenuations are normalized to the volume of dry flue gas, 
corrected to 7% oxygen. These data illusuate that greater amounts of CDD/CDF are formed at higher 
temperatures but also show how temperature impacts the bifurcation. As shown in Figure 7, all of the data 
without duct injection of s o h n t  exhibit a linearrelationship. As APCD temperature increases, there is a 
substantial increase in the fraction of the total CDD/CDF which escapes with the stack gas. This is 
precisely the anticipated trend discussed earlier.Test point TC-5 was the only condition in the Montgomery 
County test series where hydrated lime was injected into the duct leading to the ESP. Table 1 and Figure 7 
illustrate. two important rrends. First, the total quantity of CDD/CDF leaving the ESP (both gas and solid 
phase) was significantly reduced relative to the tests without duct s o h n t  injection at an equivalent 
temperature (test point TC-4). Additionally, however, of the total CDD/CDF fiom test TC-5, a much 
larger fraction was released to the gas phase. In test condition 5.57% of the total CDD/CDF was released 
with the stack gas as compared to 22% in test condition 4. 

The above described Montgomery County MWC dafa make two very important suggestions. Reducing 
APCD temperature will decrease the total quantity of CDD/CDF famed and will also reduce the fraction of 
that organic which will be released to the gas phase. The other key indication from this single test point is 
that hydrated lime injection greatly reduces total CDD/CDF formation. Further, the presence of hydrated 
lime appears to increase the percentage of total CDD/CDF released to the gas phase. The increase in 
percent released with stack gas was not nearly significant enough to offset the decrease in total formation 
and, hence, a reduction in stack gas concentration was observed. 

Measurements similar to those discussed above for Montgomery County were taken at several other 
facilities. The Borgess MWI facility tests provide both ash and stack data but the testing covered only a 
relatively narrow band of fabric filter temperature. For the series of five tests at Borgess, the average 
CDD/CDF concentration at the APCD inlet, in the stack, and in the ash were 459,452, and 3.55 ngldscm 
of flue gas respectively. Thus, the ratio of CDD/CDF in the fly ash to CDDKDF iii the st:lck gns is 0.78. 
Since the APCD temperature at Borgess was noinin:illy 32U0F, the tendency for  CDD/CDF to be ret:iincd 
with the ash is almosr identic:tl to that observed ;it hlontgcmc~ Couniy (with duct s o r l x ~ ~ i  injection). 

Tlic other facility for which there is a Ixge bodyofd:ii;r is thc Quekc City MWC which W;IS tcsted 3s ~:III 
vironment Canada's NITEP program. l':ible 2 prcsctits 1111: CDD/CI)I- d:ira i n  ng/dscw 01' flue gas 
at  several locations in tlie pilor scale DSI/I'F tcsrs. 111 :111 C;ISCS, there w:ts ;I sul~st :~t~t i ;~l  coticcnii:iticu: 

of  CDD/CDF leaving tlie fabric lilrer but nti:iIly ;ill of !lie orgirriic WBS rc!;iiiiLd with 1111: collcctcd 
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solids. Note that even with the fabric filter operating at 408OF. only 7.3 ng/dscm were in the stack gas as 
Compared to 2383 ng/dscm of total CDD/CDF exiting the fabric filter in the ash and stack gas combined. 
When compared to the previousl~ described results, the data in Table 2 suggest that perhaps there is 
mething different about the Quebec City Data. Duct injection of sorbent certainly did not significantly 
Suppress the total CDD/CDF formation in the fabric filter. In fact, much more CDD/CDF was foxmed in 
the bag house at Quebec City than was formed at Borgess. What is totally different, however, is the 
fraction of that CDD/CDF that is released to the gas phase. 

CARBON LOADING 

The Current study is unable to prove why the Quebec City MWC retained nearly all of its CDD/CDF with 
the collected solids. We can, however, suggest that carbon in the fly ash could be a controlling parameter 
and suggest that this parameter is the key difference between MWCs and MWIs. 

Several field tests have demonstrated that injection of small quantities of activated carbon can have a 
significant impact on the emission of CDD/CDF from both MWC‘s and MW’s. Activated carbon 
injection is currently used at a few incinerators for mercury and volatile organic control. Typically, a small 
amount of carbon is injected into the flue gas and adequately mixed. Effort is made to assure good mixing 
prior to a moisturizing environment since water is believed to plug the pores and reduce the reactivity of 
the activated carbon. The small amounts of carbon (typically 20-400 mg/Nm3 with an average of -70 
mplNm3) are believed to provide a large amount of active surface area for chemisoIption of CDD/CDF. 
Results from a hospital incinerator test in Sweden showed that activated carbon reduced outlet CDD/CDF 
emissions by 76 to 92% over tests without activated carbonls. A full scale MWC in Zurich reduced outlet 
CDD/CDF by 57 to 93%. 

The relevance of the above data to the Quebec City MWC is that the pilot scale tests described in Table 2 
were performed prior to completing extensive hardware modifications to improve combustion 
performance. In fact, personnel from the facility and from Environment Canada described the plume for 
the Quebec City MWC as containing many “black birds” - thin, large diameter pieces of black material 
escaping theESP. The carbon content of the particulate from this MWC (prior to the facility modification) 
is not reported in the various Environment Canada (EC) documentation. It is safe to assume, however, 
that the ca rbn  in the unconmlled ash was at least at the upper end of the range observed for other MWCs 
tested in m e n t  years (1 to 5%). EC does report the uncontrolled PM concentration for the pilot scale 
DSUFF tests. The average concentration reported was 6700 mpMm3. If the carbon in ash was only 5%. 
then the total solid phase carbon loading entering the Quebec City pilot-scale fabric filter would be 335 
mg/Nm3. Thus, the “naturally occurring “ carbon concentration is, as a minimum, consistent with the 
level of activated injected into the above MWI in Sweden or the MWC in Zurich. 

In contrast to the situation at Quebec City, controlled air incinerators such as the Borgess facility have very 
low uncontrolled PM concentrations. At Borgess the average carbon content of the fly ash was 
approximately 5% ( not including injected sorbent) and the average PM loading was 253 mgldscm Thus, 
at Borgess the solid phase carbon flow into the fabric filter is only 13 mgldscm. That is significantly less 
than at Quebec City. There may be several phenomena which can explain the CDD/CDF retention 
discrepancy between Borgess and Quebec City, but clearly the flow of solid carbon to the particulate 
control device is a leading contender. In fact, it is the only phenomena uncovered thus far which can 
explain the observed discrepancy between MWC and MWI stack CDD/CDF emissions. 

TESTING 

The Borgess incinerator was retested to evaluate the impact of activated charcoal injection. The system 
was modified to inject activated carbon upsweam of the fabric filter. Eight tests were completed. Three 
tests were run without carbon injection, two tests with carbon injection at 1 I b h ,  and three tests with 
carbon injection at 2.5 lb/hr. The test condition averages are illustrated in Figure 8. Carbon injection at 1 
Ib/hr reduced stack emissions by 88% from baseline average. With carbon injection at 2.5 l b h ,  stack 
emissions were reduced by 95% from baseline average. The results support the hypothesis that the 
amount of unburned carbon influences CDD/CDF stack emissions. The complete data set was not yet 
available to analyze the impacts of carbon injection on the split between captured fly ash and stack gases. 
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However, it is believed that the observed reduction is due to the carbon adsorbing the CDD/CDF from the 
gases and transferring it into the captured fly ash stream. 

SUMMARY 

The pTeceding material has examined a variety of phenomena in an attempt to explain a major 
inconsistency between CDD/CDF emissions from MWCs and MWIs utilizing similar pollution control 
system and operating under similar conditions. The available data indicates that a larger pordon of the 
CDD/CDF f m e d  in the APCD of M W I s  is released with the flue gas. For MWCs the larger fraction 
appears to be retained with the collected fly ash. The data also indicates that CDD/CDF leaving the AFCD 
with the solid material is chemisorbed to the surface and not merely condensed on the surface. Increasing 
APCD temperature weakens those bonds and causes more of the CDD/CDF to be released to the gas 
phase. Further, it was shown that the smngth of this bonding appears to depend on the name of the 
particulate surface. Injected sorbent material tends to reduce the total quantity of CDD/CDF formed but the 
sorbent apparently does not provide a strong bonding between the CDDKDF and the surface. 

The issue of surface bonding led to areexamination of DSUFF pilot tests at the Quebec City MWC. The 
data shows three important trends. Fit, the total amount of CDD/CDF formed in the APCD system at 
Quebec City is greater than the quantity formed at the Borgess MWI. Secondly, almost all of this 
CDD/CDF was retained on the particulate matter and not released with the flue gas. This is very different 
than the situation with MWIs or with the Montgomery County MWC. Finally, it was shown that the 
Quebec City pilot-tests had a quite high concentration of carbon in the fly ash. In fact, the carbon levels 
ax at least as high as in tests conducted in Europe where activated carbon was injected into the APCD. 
ThoseEuropean tests showed major reduction in exhaust CDDKDF concentration. In contrast to the 
Quebec City pilot teq’typical MWIS (and the M W C  test at Montgomery County) have very low solid 
carbon loading entering the APCD. The carbon in fly ash levels for MWIs are. on the same order or less 
than i n  MWCs but the totd paniculate loading in MWIs is about a factor of 10 to 20 less than for Mwcs. 
The low concentration of solid carbonaceous materia with strong bonding to gasmu hydrocarbons like 
CDD/CDF. could result in more of the formed CDD/CDF being released to the gas phase. 

This theory was evaluated by retesting the Borgess incinerator. Tests were conducted with and without 
activated carbon injection. The results showed that the injection of activated carbon did reduce CDD/CDF 
stack concentrations to less than 20 ngldscm @I 7% a. Those. concentrations are approximately what is 
expected for a M W C  with dry sorbent injection. Therefore, it is believed that the higher CDD/CDF stack 
emission concentrations observed at MWIs utilizing similar control technologies as a MWC, is due to the 
lower amount of unburned carbon loading in an MWI. The lower carbon loading in an MWI results in a 
greater fraction of the CDD/CDF escaping with the flue gas mher than be adsorbed and collected with the 
fly ash as in an MWC. 
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Test 
Condition 

Table 2 Complete CDD/CDF Behavior at Quebec City Pilot Study 

Test TCSt Tat TCSt Test 
Condition Condition Condition Condition Condition 

bnconmlled CDD/CDF 880 2340 2300 1590 

Fly ash CDDICDF' 2076 2589 2516 2376 
r * 
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Figure 6 Vapor Pressure of Octa- and Tetra-chlorodibenzo-(p) dioxins 
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UNMIXED COMBUSTION: A NEW TECHNOLOGY FOR PREVENTION 
OF PUFFING BY ROTARY KILN INCINERATORS AND OTHER APPLICATIONS 

Richard K. Lyon 
Energy and Environmental Research Corp 

18 Mason 
Irvine, CA. 92718 

Key words: copper oxide, puffing, incinerator 

INTRODUCTION 

The Problem of Puffing in Civilian Incinerators The United States 
currently produces 265 million tons per year of hazardous waste. In most 
instances the toxicity of this waste come from toxic organic materials which, in 
principle, can be completely destroyed by incineration. Since all other disposal 
technologies involve the risk that some of the toxic materials will return to the 
environment incineration is, in principle, the ideal solution to the problem. 
Presently available incinerator technology is subject to a number of limitations, 
one of the most important of these limitations being the puffing problem of rotary 
kiln incinerators, i.e. these incinerators are observed to occasionally emit puffs 
of toxic organic materials. This is a serious failure since as discussed by 
Oppel (1) rotary kiln incinerators are a substantial fraction of total U. S. 
incineration capacity. 
has been presented in references 2, 3, and 4. As these references discuss rotary 
kiln incinerators handle both solid and liquid wastes. For combustible liquid 
wastes the practice is to mix the liquid waste with a sorbent, which is then 
placed in a container (typically a cardboard, plastic, or steel drum), and feed to 
the rotary kiln incinerator. These large closed containers are heated until the 
vapor pressure of the liquid is sufficient to cause them to rupture. This results 
in a sudden discharge of a large amount of combustible vapors into the 
incinerator. The supply of combustion air can be much lese than sufficient for 
complete oxidation of these suddenly released vapors and this can cause 
substantial amounts of these toxic organic vapors to be discharged from the 
incinerator into the environment. 

occur during the U.S. Army's planned incineration of its stockpile of chemical 
weapons. 
inadvertently included in the packing material sent to the dunnage incinerator 
most of the nerve agent it contains would be discharged to the environment. A 
risk analysis by GA Technologies ( 5 )  estimates a probability of 0.01 per year per 
site for such a mishap. Since there are nine sites and the destruction of the 
munitions will require a number of years. the probability of such an accident 
happening at least once is significant. 

fundamental problem is that organic matter can go into the combustion chamber in 
slugs while combustion air is supplied continuously. 
that this problem of mismatch between the supplies of fuel and air could be solved 
by using a bed of copper oxide. 
elevated temperatures is rapidly oxidized and air readily reoxidizee the copper to 
copper oxide. Thus a bed of copper oxide can, in effect, provide a means of 
storing an inventory of combustion air. 

The research reported herein was 
initiated to test on a laboratory scale the feasibility of this method of 
controlling puffing. During the course Of this work, however, it was recognized 

Detailed mathematical models of this puffing phenomenon 

Disposal of Chemical Weapons A problem very similar to puffing is likely to 

If during the unpacking of these weapons a live munition were 

Puffing Control via CuO In both civilian and military incinerators the 

It occurred to the author 

Organic matter passing through copper oxide at 

The Concept of unmixed Combustion 
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that the use of copper oxide to maintain an inventory of combustion air make 
s possible a novel type of combustion system, one in which the fuel and air do not 
mix. such an unmixed combustion system would be unique in that in all other 
combustion systems the stiochiometric ratio (i.e. the fuelfair ratio) is a 
critical parameter but in unmixed there are two stiochiometric ratios each of 
which is important, the ratio of the amount of fuel passed through the bed during 
a cycle to the maximum capacity of the bed to oxidize fuel and the ratio of the 
amount of air passed through the bed during a cycle to the maximum capacity of the 
bed to reduce 02. 

Preliminary experiments were done to examine the properties of such an 
unmixed combustor and are reported below. 

APPARATUS AND EXPERIMENTIU PROCEDURES 

Three sets of experiments were done, two to demonstrate puffing control 
with a fired bed and and fluid bed CuO on high surface area alumina and one to 
explore unmixed combustion. 

rotameters were used to prepare a flowing gas mixture containing oxygen and 
nitrogen in known proportions. For experiments involving volatile organic 
compounds a third rotameter was used to send a measured flow of nitrogen through a 
bubbler partially filled with the volatile organic compound and this stream of 
nitrogen saturated with the volatile organic was added to the flow of the 
oxygen/nitrogen mixture. A fourth rotameter was then used to take a measure 
portion of this flowing mixture and the rest was sent to vent via a back pressure 
regulator. For experiments with materials which are not readily volatile, i.e. 
phosphonoacetic acid, a precision metering pump send a flow of an aqueous solution 
of the material to the top of the fixed bed where the temperature was high enough 
to cause it to vaporize. 

From the fourth rotatmeter the flowing gas mixture was sent to a three way 
valve and thence either went downward though the fixed bed and then to the 
analytical instruments or went directly to the analytical instruments. In these 
experiments the fixed bed was housed in a 1" OD stainless steel tube inside an 
electrically heated furnace. Two type K thermocouples were used to monitor and 
control its temperature. 

The analytical instruments used were a Beckmann 400 Hydrocarbon analyzer 
(i.e. a flame ionization detector) and a Teledyne 02 analyzer. 

The fixed bed consisted of 25.5 ut% CuO supported on 5/16" alumina rings 
and was prepared by the incipient wetness method. In this method a solution of 
copper nitrate was added to the alumina with constant stirring until the bed could 
not absorb more without becoming macroscopically wet. The alumina rings were then 
heated to 800°C to drive Off water and decomposed copper nitrate to copper oxide. 
Hanufacturer'q specifications on these alumina rings list them to have a surface 
area of 284 H /gm, total pore volume, H 0, of 1.10 cc/gm. total pore volume, Hg, 
of 1.038 cc/gm. and a median pore diamezer of 0.009 microns. 

oxygen/nitrogen mixture without organic matter was passed through the bed and the 
oxygen level measured for the gas exiting the bed. 
oxygen in the gas going out of the bed could be extremely low because all the 
input oxygen was reacting will copper metal formed in the previous experiment. 
The oxygen level in the output gas would remain very low until virtually all of 
the metallic copper was consumed then would rise rapidly to equal the input 
level. 

Fixed Bed Experiments for Puffing Control In the former experimental setup 

In doing these experiments the following procedure was used: an 

Initially the concentration of 

Once the level of oxygen in the output gas was stable organic matter could 
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be added via either the bubbler or the metering pump and the change in the oxygen 
level of the exit gas noted. 
Concentrations less than 1000 ppmc, the change in the oxygen content which 
occurred when organic matter was-added was used to calculate the input 
Concentration of the organic matter. 
Content of the gas going into the bed was reduced to zero and the flame ionization 
detector was used to measure the amount of organic matter which survived passage 
through the copper oxide bed as a function of time. 

experimental apparatus and procedures were the same the following exceptions. 
The fluid bed was housed in a 2 6 m  ID, 91 cm long, quartz tube which was placed 
inside an electric furnace with a 30'cm. heated length. 
height of 13 cm. It operated in a slugging mode with a height of 30cm. Gases 
flowing out of the quartz tube went directly into a laboratory hood. Sample gas 
for the analytical instruments was obtained by a probe. The material in the fluid 
bed was 16.8 w t %  CuO supported on Alcoa type F-1 activated alumina, 28-48 mesh. A 
Single batch of this material was prepared, loaded into the fluid bed reactor, and 
used for all fluid bed experiments. 

in which flows of methane and air were measured by two rotameters and then each 
Went to the common inlet of an electrically activated three way valve. (The use 
of three way valves allowed the flow through the rotameters to be continuous and 
hence more accurately measurable.) One of the flows was passed through the three 
way valve to vent while the other was passed through a 0.902 ID steel tube.in an 
electric furnace, the heated length of this tube having a volume of 160cc and 
containing 87grams of 25.5% copper oxide on alumina rings. A n  electrical cycle 
timer was used to switch the three way valve at predetermined intervals. 

RESULTS 

Since flame ionization detector was limited to 

After making these observations the oxygen 

Fluid Bed Experiments for Puffing Control For fluid bed experiments the 

The bed had a settled 

Examination of Unmixed Combustion For these experiments a setup was used 

Demonstration of Puff suppression Figure 1 shows raw data from a packed 
bed experiment, i.e. in this experiments a mixture of 252Oppm C H N 3.6% 0 
balance NZ, the 0 
measure the amount of C H N surviving passage through the bed as a function of 
time. 
can calculate as a function of time both the DRE and the extent to which5tze bed's 
oxidation capacity have been used. 
recalculated in this manner. Using this procedure the experimental results from 
the fixed bed and fluid bed experiments were reduced to determine the initial DRE 
and the extent to which the oxidation capacity of copper oxide can be used before 
the DRE falls below some predetermined value. 
conveniently expressed in terms of the volume of combustion air a volume of the 
bed is equivalent to. The results of these calculations are shown in Table 1. 

in the gas going into the hot copper oxide bed the amount of organic matter 
surviving passage through the bed was zero within the noise level of the FID. 
This was found in all experiments with one exception: during the experiments with 
CC1 P 76% of the input CC1 F survived passage through the bed both in the presence 
and absence of oxygen. 

approximately 5400 puffs of pure CH 
deterioration or of its losing chemfcal activity. 

was shut off, and the flame ionization deteczo? is used t: 
From the known ihzial and observed final concentrations of the C H N one 

Figure 2 shows the data from Figure 1 

Capacity of the copper oxide bed is 

The following observation is also to be reported: when oxygen was present 

3 

Using the unmixed combustion setup the bed of CuO was subjected to 
and showed no signs of mechanical 

On completion of this test a 
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series of experiments was done to examine the operational characteristics of the 
unmixed combustor. Figure 3 shows the variations in the oxygen level of the 
postcombustion gases when the bed was operated at a fuel to capacity ratio less 
than one but an air to capacity ratio much greater than one. 
oxygen level but with the combustor operating at fuel to capacity and air to 
capacity ratios which are both less than one. Figure 4 also shows the amount of 
NOx being produced by unmixed combustion. 

A series of experiments was done in which the variations of levels of NOx 
and oxygen in the postcombustion gases was measured over a range of overall fuel 
to air stiochiometric ratios with the results shown in Figures 5 and 6 

was allowed to operate autothermally with a CH 
seconds. off for 15 seconds, and an air input df 3000cc/min for 15 seconds, off 
for 2 seconds. After 
dropping to 635OC the bed temperature wandered, slowly rising to 681OC. At 2.8 
hours after shutting off the electric furnace the run was voluntarily terminated . 
DISCUSSION 

Laboratory Scale Demonstration of Puffing Control The results in Table 1 
show that for a considerable variety of compounds (i.e. hydrocarbons and organic 
compounds containing nitrogen, phosphorous, chlorine and sulfur) copper oxide can 
provide both the DRE and the capacity needed in a practical method of puffing 
control. While the results for C H F were not as good, they still indicate that 
this technique may be useful for ffu8rine containing hydrocarbons. Similarly the 
results for CC1 F were arguably positive. Freon8 are extremely refractory 
materials and e?en in the absence of puffing would normally be expected to pass 
unchanged through an incinerator. Thus in addition to providing a solution to 
the occasional problem of puffing, the use of a copper oxide bed also provides a 
means of substantially reducing the continuous emission of freons from 
incinerators. 

show that it is in principal possible to use supported CuO as the basis for a 
novel combustion system, one in which the fuel and air are largely unmixed. 
During unmixed combustion the production of NOx was found to be extremely low. 
Given the generally accepted mechanisms for NOx production this result is not 
surprising. 
generally agreed that NOx is chiefly thermal NOX, i.e. most of the NOx is produced 
by the "extended" Zeldovitch mechanism, 0 + N = NO + N, N + 0 = NO + 0, OH + N = 
NO + H. 
hydrocarbon radicals such as CH on N to produce HCN which is then oxidized to 
NO. Both these mechanisms are stronGly disfavored at lower temperatures and both 
depend on the superequilibrium concentrations of free radicals which conventional 
combustion produces. By eliminating direct contact between the fuel and air both 
the extremely high temperatures normally associated with combustion and the high 
free radical concentrations are avoided and thus NOx production is suppressed. 

warming due to the emfssions of CO 
receive a great deal of serious atgention. 
economically be used in tertiary oil recovery or put to other use but $he 
possibility of recovering dilute CO 
consideration because the expense aad large energy consumption involved. 
unmixed Combustion system, however, the fuel is converted to CO and water without 
being diluted with nitrogen. 
situations, be the basis of burning fuel without CO emissions. 

Figure 4 also shows 

In another experiment the electrical furnace was shut off and the combustor 
input of 3212 cc/min for 2 

Initially the bed temperature in this experiment was 775OC. 

Controlling NOx production by Unmixed Combustion The data reported above 

For fuels which do not contain chemically bound nitrogen it is 

The other eource of NOx is the prompe NOx mechanism, ?.e. 'the attack of 

Controlling CO emissions by Unmixed combustion The problem of global 

In many locations pure CO could 
during combustion has recently begun to 

from combustion gases have been given little 
In an 

Thus unmixed combustion may, in favorable 

2 
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TABLE 1 SUMMARY OF FIXED BED EXPERIMENTS 

Puff being Oxidized Reaction Initial DRE DRE as a function 
Conditions of Bed Oxidation 

Capacity, 
Equivalent cc of air 
per cc of bed 

1974 ppmc of c H c1 8 0 2 ~ ~  for 0.53sec. 99.9985% 99.99% at 37.3ccfcc 

3683 ppmc of g p c1 812Oc for 0.53sec. >99.999% 99.9% at 136cc/cc 

IO,OOO ppmc of C ~ H ~  811Oc for 0.53sec. 99.997% 99.9% at 118ccfcc 

19,000 ppmCof C5H4S 814OC for 0.53sec. 99.9999% 99.9% at 186cc/cc 

7,800 ppnc of c H F 815OC of 0.53sec. 99.3% 
7,800 p p ~  of C ~ H ~ F  9 9 1 ~ ~  for 0.45sec. 99.94% 99.9% at 2.8ccfcc 

2 ,520  ppmc of C ~ H ~ N  817Oc for 0.53sec. 99.9968% 99.99% at 99cc/cc 

6000 ppmc of CC13F 821Oc for 0.53sec. 76% 

3110 ppmC Of 818OC for 0.53sec. 99.993% 99.9% at 29ccfcc 
(HO)2POCHZCOOH 99% at 54 cc/cc 

6 5  

99% at 207cc/cc 

99% at 197ccfcc 

99% at 373ccfcc 

99.3% at 59ccfcc 

SUMMARY OF FLUID BED EXPERIMENTS 

8000 ppmc Of C6H6 806OC for 0.75sec. >99.994% 99.9% at 43ccfcc 

3900 ppmC of C6H5C1 805OC for 0.75sec. >99.95% 99.9% at 169ccfcc 
99% at 73ccfcc 

99% at 215 ccfcc 
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2.000E-06 
0 10.63 26.33 42.13 67.83 73.7 162.7 231.7 310.7 373.9 

Oxidation Capacity, cc of air/cc of bed 
Run 7 
Figure 2 

693 



-- 
0 

w 

694 



26 

20 

16 

10 

0 

a 

Effect of Stoichiometric Ratio 
on the variance of 0 2  in the output 

gas from unmixed combustion 
~ 0 2  In output gas , 

....................................................................................................... 

.................................................................. 

................................ 

0 0.2 0.4 0.0 0.8 1 
Stoichiometric Ratio 

816C, 879 01 26.6~19) CuO In a 180 00 bed 
Alr * 3660oo/mln lor 16 aeo, I aeo 011 
CH4 - 1 800 on, 16 o w  011. 

Figure 5 

Effect of Stoichiometric Ratio 
on the variance of NOx in the output 

gas from unmixed combustion 

0 0.2 0.4 0.6 0.8 1 
Stoichiometric Ratio 

816c. 879 Of ZSdW1Y CUO In a 160 eo bed 
Alr - 866Ooolmln lor 16 800, I LOO oil 
CH4 - 1 aeo on, 16 aaa 011. Figure 6 

695 



ENOx, AN ELECTRONIC PROCESS FOR NOx ABATEMENT 

Michael P. Manning 
PlasMachines Inc. 
11 Mercer Road 

Natick MA 01760 

Recent revisions of the Clean Air Act have mandated increasingly stringent 
controls on NOx emissions. Combustion of fuel in engines for transportation and in 
boilers for electric utility and industrial power generation produce over 90 percent of all 
Nor emissions. ENOx, a recently discovered electronic process, shows significant 
promise for reducing NOx emissions from mobile sources such as cars and trucks in the 
near :arm and large stationary sources such as boilers in the long term. 

The key to PlasMachines ENOx emission control process is the use of a plasma, 
that is an electronically exclted gas, to cause the decomposition of NO and NO1. A 
simplified process diagram is shown in Figure 1. Electrical power feeds a proprietary 
electronics package which provides the excitation to the process duct. The duct is basi- 
cally an open chamber with special electrodes and operates at atmospheric pressure or 
the combustion exhaust stream pressure. The process plasma is an alternating current, 
discontinuous, multifrequency, non-equilibrium discharge. During operation, 

r Electronics 

2 Exhaust Out 
-4 with Lower 

NOx 

. -b 
I 

Exhaust 
from 
Engine 

I 
v 

Exhaust Gas Sample To Analyzer 

Figure 1 . Simplified Process Flow Diagram 
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exhaust gas flows through the process duct and constituents of the exhaust stream are 
activatad by collision or ionization with plasma electrons under the influence of the 
e!ectronic excitation. Molecules of NO and NQ are thermodynamically unstable with 
respect to decomposition back lo the elements, nitrogen and oxygen . Hence, after acti- 
vaticm by plasma processes, NO and NO2 undergo decomposition and their concen- 
trations in the exhaust are reduced. 

Three engines have been tested using this exhaust treatment process: a 5 hp 
Briggs and Stratton gasoline engine, an 8 hp Kubota diesel electrical generator set, and 
a 40 hp Ford multi-fuel industrial engine. The Ford Model VSG-411 is a multi-fuel four 
cylinder, four stroke, 1.1 liter engine. The engine will accept either gasoline or methanol 
as liquid fuels and with an IMPCO carburetor will also burn natural gas. Natural gas was 
used as the fuel for the testing during this experimental work. 

PlasMachines current facilities include a complete test facility for dynamometer 
and emissions testing of engines of all types up to 1000 hp. A Superfiow 901 Dyna- 
mometer utilizes a water brake to load and measure the output torque Of engines, 
incLlding the Ford engine used in thls development work, operatlng On a test stand 
under computer control. A photograph of the Ford engine mounted on the dynamometer 
is shown in Figure 2 

Samples of exhaust gas are drawn continuously by vacuum pumps from the 
engine exhaust line, through a teflon transfer line. and into the emissions analyzers. A 
small refrigerator with collection trap was used to prevent condensation from the 
exhaust sample line from entering and interfering with the analyzers. 

Emissions monitoring equipment utilized include a Thermo Electron Model 10s 
NOlNOx Chemihminescent Analyzer capable of measuring either NO or total NOx 
concentrations from 1 to 10,000 ppm. An Horiba Model MEXA-554GE NDlR automotive 
emission analyzer provides capability of continuous or spot monitoring of O,, CQ, CO, 
unburned hydrocarbons (UHC), and calculated air to fuel (NF) ratio. 

a sin& straight length of 1.5 inch tube which were clamped together and clamped to 
the inlet and outlet manifold. Adapters clamped to each end of the reactor tube served 
to coaxially locate and support a one inch diameter electrode. Each reactor was 
connected electrically to a PlasMachines electronic source with two leads - the ground 
lead was connected to the stainless steel reactor shell while the electronic signal was 
connected to the electrode. A front view of the parallel reactor array are shown 
photographically in Figure 3. 

The engine and reactors were tested using the following protocol. The Ford 
natural gas englne was started and run for approximately twenty minutes to ensure that 
all operatlng components and fluids including engine oil, cooling and dynamometer 
wate: were up to normal operating temperatures. The surface temperatures on the 
exhaust lines and reactor exterior surfaces were measured. The reactor exrerlor 

The four parallel reactors were each assembled from two stainless steel tees and 
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swfaces were found to be between 250 and 280 E. The engine was operated at 830 
and 1600 rpm with a torque load of 7 11-lbs. With the PlasMachines electronic sources 
1i:med Off, the uncontrolled levels of NO and NOx were measured as 300 and 320 
raspectively. When the eleclronic sources were turned on, the resulting ENOx process 
Plaslna reduced the NO and NOx levels to 60 and 180 respectively. Lhls 
dan?-es an 80% reduct 1-h reduc tion In Wx. Power 
con:mption by the electronic unit was 200 W. 

F i p  ry 2. Ford industrial engine mounted on SuDerllow 901 D v n a m a G r  

Fisurf? 3. Front view of four parallel reactor units 
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ABSTRACT 

The primary parameters affecting NO, reduction performance of SNCR processes Include injedon 
temperature and the chemical NINO, molar ratio. Previous work showed that SNCR performance 
was also dependent upon initial NO, levels. This is of concern for future applications to oil- and gas- 
fired systems, where initial NO, levels of 30 to 100 ppm may be anticipated after combustion 
modifications are implemented. 

To quantify the effect of these low initial NO, (NO,) levels on SNCR performance, a pilot-scale test 
program was performed to investigate the effect of NO, levels with both urea and ammonia injection. 
This pilot test program evaluated the effect of NO, levels ranging from 30 to 200 ppm on process 
performance. A range of temperature and N/NO, ratios was evaluated for each SNCR chemical. The 
laboratory effort was supported by chemical kinetic modeling of the SNCR process. Test results 
included characterization of both the ammonia and urea injection processes. The effect of process 
parameters on NO, reduction, and secondary emissions including NH,, N,O. and CO emissions was 
characterized. The laboratory data revealed important information regarding the implementation of 
SNCR processes at low initial NO, levels. 

INTRODUCTION 

Since NO, plays a major role in the formation of photochemical smog (Ref. 1). regulations requiring 
NO, emissions reductions have been enacted in many areas. For example, NO, emissions from 
utility boilers in the South Coast Air Quality Management District have been reduced significantly from 
their baseline, uncontrolled levels through the implementation of combustion modification techniques. 

To meet upcoming regulations, which mandate further NOx emission reductions. alternate control 
methods may be required. One approach under consideration involves the use of selective non- 
catalytic NOx reduction (SNCR) techniques in conjunction with advanced combustion modification 
techniques. Both urea and ammonia injection have been shown to provide NOx reductions at full- 
scale for a variety of combustion devices. 

The primary parameters affecting NO, reduction performance of SNCR processes are the injection 
temperature and NINO, molar ratios. Previous work (Ref. 2) also showed the dependence of process 
performance on initial NO, levels. This is a concern for future applications to oil- and gas-fired 
systems, where initial NO, levels of 30 to 100 ppm may be anticipated after combustion modifications 
are implemented. 
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In order to quantify the effect of these low initial NO, (NO,) levels on SNCR performance. a test 
program investigating the effect of NO, levels with both ammonia and urea injection was performed. 
This laboratory test program evaluated the effect of NO, levels ranging from 30 to 200 ppm on 
process performance for both urea and ammonia injection. Urea injection tests were performed over 
a temperature range of 1600 to 2075°F at varying reagent injection rates. Ammonia slip was 
measured, using wet chemical techniques at selected urea injection conditions. Ammonia injection 
tests were performed over a temperature range of 1470 to 1900OF. The laboratory experimental effort 
was supported by chemical kinetic modeling of the urea injection process using CHEMKIN. 

FACiLlTY DESCRIPTION 

The tests were performed using a natural gas-fired pilot-scale combustor facility. This facility has a 
design heat input of 300.000 Btu/hr. and a combustion product flowrate of 47 SCFM. This provides 
a nominal residence time of 0.5 second in the test section at 1800°F. Combustion gas temperatures 
entering the test section are controlled by adjusting the firing rate and with a series of adjustable 
water-cooled probes. Heat removal is controlled by varying the number and insertion depth of 
individual probes. The unit has a temperature gradient of 400-500°F/second over the test section 
length. While this is relatively high compared to other laboratory facilities, it was designed to match 
the temperature gradients typical of utility boiler environments. 

Liquid and/or gaseous reagents were injected into the combustion products using water-cooled 
injectors. Gaseous NH, was injected using diametrically opposed injectors. The liquid urea solution 
was injected using a single small water-cooled atomizer. 

A suction pyrometer was used to measure true gas temperatures at the entrance to the test section. 
For this test program, all gas analysis sampling was performed at the test section exit. A portion of 
the sample was taken from the sample probe exit and transported to the gas analysis instrumentation 
by a heated Teflon sample line. Before passing through the analyzers, the sample was dried in a 
refrigerated dryer. The dried sample was analyzed for NO, NO,, 0,. CO, CO,, N,O and 0,, using 
continuous electronic gas analyzers. Ammonia concentrations were determined by passing a gas 
stream through an impinger train containing a dilute sulfuric acid solution. The ammonia 
concentration was subsequently determined using a specific ion electrode. 

NH, INJECTION TEST RESULTS 

The ammonia injection tests were performed using initial NO, levels ranging from 30 to 200 ppm. 
Injection temperatures ranged from nominally 1470 to 1900OF. The N/NO, ratio, the molar ratio of 
nitrogen in the SNCR chemical to the inlet NOx, characterizes the amount of chemical injected. 
N/NO, molar ratios of 1 .O and 2.0 were evaluated during these tests. 

Figure 1 shows NO, reduction data plotted versus temperature for tests performed at N/NO, ratios 
of 1.0 and 2.0, and varying initial NO, levels. A number of observations can be made from the data 
in Figure 1. First, the level of NO, reduction decreases as the initial NO, level decreases. Also, the 
optimum injection temperature appears to shift to higher temperatures as the initial NO, level 
increases. Conversely, operation at low initial NO, levels appears to require injection at reduced 
temperatures to obtain optimum results. This trend was observed for tests performed at both NINO, 
molar ratios. This temperature shift increases as the N/NO, ratio increases. A final observation can 
be made about the effect of initial NO, level at low injection temperatures. Over the majority of the 
temperature range, decreasing the initial NO, level decreased NO, reduction. However, as can be 
seen in Figure 1, at temperatures below nominally 15OO0F, decreasing the initial NO, level resuits in 
an increase in NO, removal (albeit the overall levels of NO, reduction are small). 
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UREA INJECTION TEST RESULTS 

The urea injection tests were conducted using an aqueous urea solution. Solution flow rates were 
held constant for these tests to maintain a constant thermal environment in the injection zone. To 
change the N/NO, ratios, the concentration of the urea solution was varied. 

For the urea injection tests, gaseous emissions measurements were made over a temperature range 
of 1600 to 2075°F. Initial NO, levels were varied from 30 to 200 ppm, while molar ratios of N/NOx 
were varied from 0.5 to 4.0. Byproduct ammonia emission measurements, performed in conjunctlon 
with urea injection, were made over a more limited matrix. A temperature range of 1600 to 1940°F 
was used for performance of the subsequent byproduct NH, emissions (NH, slip) tests. NH, 
measurements were not made at temperatures in excess of 20OO0F. since previous tests have shown 
that ammonia emissions are negligible at these high temperatures. Molar N/NO, ratios of 0.5. 1.0 
and 2.0 were evaluated during these tests for initial NO, levels of 30, 70 and 200 ppm (in the present 
paper, only the results obtained for a NINO., molar ratio of 2.0 are shown). 

Figure 2 shows NOx reduction as a function of injection temperature for urea injection tests performed 
at a N/NO, molar ratio of 2.0. The results are similar to the ammonia test results shown in Figure 
1. These data also show that NO, reductions decreased with decreasing initial NO, levels. This 
trend was evident for all injection temperatures. It was also evident that the optimum injection 
temperature decreased as initial NO, levels decreased. Also note that at low temperatures (Le., less 
than 1600°F), decreasing the initial NO, level increased NO, reduction. 

Ammonia slip data are plotted in Figure 3, which shows NH, concentration versus temperature as a 
function of initial NOx level at a N/NO, molar ratio of 2.0. As expected, the data show that NH, 
emissions increase with initial NO, level and decrease with temperature. 

N,O has been found to be a product of the reaction between urea and NO,. N,O production is plotted 
as a function of temperature for operation at a N/NO, molar ratio of 2.0 in Figure 4. The data show 
that, below 201 0°F. N,O emissions increased with increasing temperature, regardless of initial NO, 
level or N/NO, ratio. At temperatures above 201 O"F, the N,O emissions decreased. N,O emissions 
also increased with both the NlNO, and initial NO, levels, as expected. Comparison with data 
reported previously show that N,O production peaks at approximately the same temperature as NO, 
reduction. 

The slope of the N,O versus temperature curves increased as initial NO, levels increased for all of 
the NINO, ratios. This change in sensitivity likely reflects the quantity of reagent available to react 
at the differing injection rates. 

CHEMICAL KINETICS MODELING RESULTS 

In support of the laboratory urea injection tests, a series of chemical kinetic calculations were 
performed to investigate the effect of initial NO, level upon the urea temperature and NO, reduction, 
in particular, the behavior of the initial NO., level at low temperatures. The chemical kinetics 
calculations were performed over a temperature range of 1472 to 1992°F at initial NO, levels of 30, 
70 and 200 ppm. Urea injection rates were set to give a NINO, molar ratio of 2.0. Combustion 
products were set at a stoichiometry comparable to the pilot-scale work. The urea was assumed to 
decompose as NH, and HNCO. 
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The chemical kinetics calculations were performed using a PC version of SANDIA's CHEMKIN 
program. The mechanism used was that of Miller and Bowman (Ref. 3). A residence time of 2.0 
seconds was used in the calculations. 

Calculated NO, reductions, NH, slip and N,O production for a N/NO, ratio of 2.0 are plotted as a 
function of temperature at three initial NO, levels (30, 70. and 200 ppm) in Figure 5. For an initial 
NO, level of 200 ppm, the calculated chemical kinetics data show that a peak NO, removal of 
approximately 100 percent occurred at 1740°F. At an initial NO, level of 70 ppm. the maximum NO, 
removal decreased to approximately 90 percent and occurred at a temperature of 1605OF. When the 
initial NO, was decreased to 30 ppm. the maximum NO, removal decreased to 80 percent and 
occurred at approximately 1520OF. The calculations indicate that decreasing the initial NOx 
concentration shifts the temperature window and reduces the maximum achievable NO, reduction. 
In spite of the shift in optimum temperature and maximum reduction, the shape of the window 
appears to remain essentially the same over the range of conditions evaluated. At low temperatures, 
the calculated results also show an increase in NO, reduction with decreasing initial NO, level (Figure 

The model predicts higher NO, removals and slightly different temperature windows than were seen 
experimentally. However, the experimental results follow the same trends predicted by the model 
calculations. As initial NOx levels decrease, the temperature window shifts to lower temperatures and 
the maximum amount of NO, removal decreases. 

The NH, slip and N,O levels predicted by the model also support the experimental results (Figure 5). 
The model predicts the increase in NH, and N,O with increasing NO, levels, and their decrease with 
increasing injection temperatures. However, the model predicts lower levels of NH, and N,O than 
observed experimentally; in addition. the model predicts N,O production at temperatures lower than 
those observed experimentally. Part of these differences can be ascribed to the thermal profiles. 
The calculations were done assuming isothermal conditions while the experimental combustor exhibits 
a temperature gradient of 400-500°F/second. 

CONCLUSIONS 

. 

5). 

Based on the data presented above, the following conclusions can be drawn for both urea and 
ammonia injection: 

- Reducing initial NOx levels results in 1) a decrease in NO, reduction performance, and 2) a 
decrease in optimum injection temperatures. 

The following conclusions can be drawn for urea injection: 

. Decreasing temperatures result in increasing NH, emissions. 
Below 201 O°F, increasing urea injection rates result in increasing N,O emissions. However, 
N,O emissions decrease at temperatures above 2010°F. 

Chemical kinetic modeling of the urea injection process showed trends similar to those seen during 
performance of the laboratory tests. 

REFERENCES 

(1) Seinfield, J. H., Air Pollution-Physical and Chemical Fundamentals, McGraw Hill, NY, 1975. 

702 



(2) 

(3) 

Muzio. L. J. and Arand. J. K.. 'Homogeneous Gas Phase Decomposition of Oxides of 
Nitrogen," Electric Power Research Institute Report No. EPRi 461-1, July 1976. 

Miller, J. A. and Bowman, C. T.. 'Mechanisms and Modeling of Nitrogen Chemistry In 
Combustion," Paper Number WSS/CI 88-63. presented at the Fall Meeting of the Western 
States SectionlThe Combustion Institute. Dana Point, CA. October 1988. 

703 



0 

Temperature. 'F 

(a) N/NO, = 1.0 

NO1 = 30 ppm 

NO1 = 50 ppm 

NO1 = mppm 

NO1 i 100 ppm 

NO1 mo ppm 

Zero Uns 

NO1 10 ppm 

NO1 = 50 ppm 

NO1 = 70 ppm 

NO1 100 ppm 

NOI = too ppm 

(b) NINO, = 2.0 

Figure 1. Laboratory test results with NH, injection. Effect of injection temperature on NO, 
removal at variable initid NOx levels 

704 



" I 

10 

0 

(10) 
1mo two 1m 1800 lmo ?mo nm 

Tampantun. 'F 

Figure 2. Laboratory test results with urea injection. Effect of injection temperature on NOx 
removal at variable initial NO, levels 

e 

A 

0 
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emissions at variable initial NOz levels, N/NO, = 2.0. 
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INTRODUCTION 

The process to reduce NOx by NH3 was patented by Lyon (1975). The process initially 
found limited use to control NOx in oil- and gas-fired boilers in Japan. The process was 
experimentally investigated by Muzio, et al. (1976) and Lyon (1978). Typically the NOx 
reduction cited in small scale studies or practical application was 40-70 percent. Recently, 
NH3 injection systems have been installed on a number of incinerators and fluid bed 
combustors. The measured emission of NOx from some of these operating ccmbustors is 
below 10 ppm (d, 3% 02). These results implied that better reduction could be achieved 
than had been thought based on previous small scale results and from field trials. 

This paper describes experiments and calculations aimed at establishing the maximum NOx 
reduction that can be achieved in the absence of mixing limitations and to determine how 
gas composition, operating parameters, and additives affect the reduction of NOx and the 
slip of NH3. 

EXPERIMENTS 

Experiments were designed to be controllable, free of mixing constraints and catalytic 
influence, and capable of investigating the range of operation of commercial systems. 
The experimental apparatus, Figure 1 ., delivers gas from analyzed bottles, mixes and 
meters the flow through rotometers, adds water vapor as desired from a saturated bath, 
and passes the gases through a quartz coil reactor in a temperature controlled oven. The 
bottled gases are mixed to represent the range of flue gases to be treated or the gases after 
treatment. The gases are analyzed before and after the oven using continuous monitors for 
NO, N02, 02, CO, and C02 and an ion specific electrode for NH3 concentration. 

The conditions investigated were ( baseline conditions are underlined): 

o residence time: 0.1.0.2. p3. 1 .O seconds 
0 temperature: 1061,1116.1144,1172.1200,~, 1255, 1283, and 1311 K 
o N O  100,200.300. m, 600,800 ppm 
0 C O  Q, 100,200,400, 600,700 ppm 
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o H20: 0.6 Yo 
0 co2 :  15_% 
002:3% 
0 NH3/NO: 1. 1.5,2.0, 3.0, 4.0 

Calculations were used to interpret and extent the results of the experimental. Calculation 
were made using the Sandia National Laboratories SENKIN and the extended mechanism of 
Miller and Bowman (1989). Selected results from the calculations were fit with mathematical 
expressions. These expressions allow the data to be easily interpolated and possibly to be 
extended slightly. 

RESULTS 

The influence of the above conditions on NOx reduction and NH3 slip were determined by 
experiment and calculations and were compared with previous experimental data. The 
following conclusions were derived from the range of conditions studied. 

Residence Time 

Longer residence times generally resulted in slightly increased reduction of NOx and less 
NH3 slip. However, shorter residence time, occasionally produced slightly greater NOx 
reductions and the maximum NOx reduction occurs at lower temperatures for shorter 
residence times. 

Temperature 

We find an optimum temperature for the reduction of NOx in the range of 1175- 1225 K and 
the minimum temperature for nearly complete destruction of NH3 to be greater than 1300 K 
as shown in Figure 2. and in agreement with other literature values. However, our 
experimental results show much higher reduction of NOx and much greater NH3 slip 
compared with the measurements of Muzio, et al. (1976). Our results agree with those 
reported by Lyon (1979) and calculations made using the unaltered Miller and Bowman 
Mechanism. The differences between our results and those of Muzio. et al. (1976) may 
result from their injection of aqueous NH40H solutions instead of gaseous NH3, mixing 
limitations in their pilot scale combustor compared to our plug flow reactor, temperature 
gradients in their reactor compared to our constant temperature reactor, and their use or 100 
ppm NO compared to our use of 400 ppm. 

H20 

The influence of H20 in the range of 0-6 percent was found to be small on NOx reduction 
and NH3 slip. 

co 

Increased concentrations of CO were found to reduce the NOx reduction and create a peak 
in the NH3 slip as shown in Figure 3. Our results show that increasing CO concentration 
from 0 to 700 ppm causes a relative small decrease in NOx reduction, where as the results 
of Teixeira et al. (1991) show a large increase. Conversely, our results show that increasing 
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the CO concentration from 0 to 100 ppm can result in a four fold increase in NH3 slip: higher 
concentrations of CO reduce the NH3 slip until the slip reaches a low level at 600 pprn CO. 
The results of Teixeira et al. show low NH3 slips at all levels of CO. Again, our experimental 
results agree with calculations obtained from the unaltered Miller and Bowman Mechanism 
and the difference between our results and those of Teixeira et al. may result from the 
difference in experimental conditions particularly any imperfect mixing in their experiment. 

NO 

The fractional NO reduction decreases with decreased levels of initial level of NO 
concentration below 400 ppm as shown in Figure 4. Conversely, the level of NH3 slip 
increases with increased level of initial NO concentration. The influence of initial NO 
concentration on NO reduction and NH3 slip agrees with the results of Muzio. et al. (1976) 
and the results from calculation based on the Miller and Bowman Mechanism. 

NH3/NO 

The level of NO reduction increases as the NH3/NO level increases to 1.7 as shown in 
Figure 5. The amount of NH3 slip increases at NH3/NO ratios greater than 1.0 to 1.5. The 
results of our experiments agree with those of Teixeira. et al. (1991) and results of 
calculations made using the Miller and Bowman Mechanism. 

Additives 

Calculations on the effect of H2. H202. and CH4 additives injected after the NH3 injection 
zone were done to determine the effects of these additives on NOx reduction and NH3 slip. 
The results of these calculations shown in Figure 6. are based on the effluent from the NH3 
reaction zone with a concentration of 8 ppm NO and 81 ppm NH3. The NO reductions 
reported in Figure 6. is based on the fractional reduction from an original NO concentration 
of 400 ppm. Therefore, values greater than 0.02 indicate production of NO after the reaction 
zone. At the temperatures required to reduce NH3 to 5 ppm, injection of H2 and H202 both 
result in increases in NO concentration. 

Calculations predict injection of CH4 at a temperature 100 K below the NH3 injection 
temperature of 1200 K has little effect on NOx emission while reducing the NH3 slip to 
about 5 ppm. Figure 7. experimentally confirms that CH4 can reduce NH3 slip, although not 
to the levels predicted by the calculations. 
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INTRODUCTION 

Control of emissions of oxides of nitrogen, or NO”, from fossil-fuel fired combustion systems is 
becoming of increasing interest due to the role of atmospheric nitrogen oxide species in the formation 
of acid rain and photochemical oxidant or smog. High levels ofNOx removal are typically only 
achievahle with expensive post-comhustion technologies employing catalyst heds. This paper descrihes 
a process, called “ComhiNOx”, which is cipahle of achieving high levels of NOx reduction at costs 
significantly helow those of catalytic technologies. The ComhiNOx process consists of threeNOr control 
technologies-rehuining, selective non-catalytic reduction (“agent injection”), and NO, scrubbing- 
which have heen integrated and optimized in a manner which takes advantage of the chemical reactions 
involved in each process to achieve NOx reduction approaching 90 percent. 

The ComhiNOx process has heen studied experimentally using two pilot-scale furnaces. The first series 
of tests were conducted in aone  million Btu/hr down-fired furnace. At this facility, each component of 
the ComhiNOx process was parametrically evaluated. Results from these studies have heen reported 
elsewhere [l]. Pilot-scale tests at 10 million Btu/hr were also conducted to address process scale-up 
issues. This paper presents selected results of hoth series of experimental studies as well as kinetic 
modeling studies performed to aid in interpretation of the experimental results. 

BACKGROUND 

The technologies involved in the ComhiNOx process have heen extensively studied in small scale 
comhustion tests and demonstrated in a wide range of industrial applications. In general, the glohal 
chemical mechanisms involved in the processes are considered relatively well-known. The three 
technologies used in the ComhiNOx process are desctihed in the tbllowing. 

Reburning. The rehurning concept was first investigated nearly two decades ago [2]. This process 
consists of injecting a portion of fuel downstream of the primary comhustion zone to drive the flue gas 
stoichiometry slightly fuel rich. In this “rehuming zone”, the NOx generated in the primary zone is 
reduced to molecular nitrogen. Downstream of the rehurning znne, addilional air is injected to complete 
comhustion of the unhurnt products from the rehurning zone. Bench and pilot scale studies have 
identified the general requirements for applying the process to industrial comhustion systems [34] .  
Recently, demonstrations of the rehurning process employing natural gas as a rehurning fuel have been 
performed on coal-fired utility hoilers [5-61. 

Agent Injection. Selective non-catalytic reduction, or agent injection, technologies consist of the 
injection of amine-producing agents into post-comhustion flue gases. Typical agents include ammonia 
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and urea. These agents must he injected into a narrow temperature window generally centered about 
1850'F. Injection of the agent at too high of a temperature can cause oxidation of the agent resulting in 
increased NOx emissions, while injection of the agent at too cold of a temperature can lead to excessive 
by-pmduct emissions, such as unreacted NH,. The fundamentals ofthe process have heen described in 
the literature [7-81. Reagent injection for NOx control has heen applied to full-scale utility boilers [9- 
lo]. The results of these and similar tests have shown that the process is extremely sensitive to the gas 
temperature and that broad temperature distributions at the point of injection of the agent can limit 
performance. 

NO, Scrubbing. Studies have shown that it is possihle to scruh NO, with conventional SO, scrubher 
solutions provided that the solution is slightly modified [ I l l .  The ComhiNOx process exploits this 
phenomena by injecting methanol into the flue gas downstiram of the rehurning and agent injection 
processes to convert any remaining NO to NO,, and then scruhhing the NO, in a conventional wet 
limestone SO, scrubher operating with a modified scruhhing liquor. Although methanol injection has 
been evaluated at full utility hoiler scale as a means of reducing ammonia slip from SNCR systems [ 121, 
the integrated NO, scruhhing process has yet to he demonstrated in a practical system. 

ADVANCED REBURNING 

In practice, agent injection performance is extremely .sensi- 
tive to flue gas temperature at the injection point. However, 
in the presence of oxidizing CO, the dependence of the 
process on injection temperature is significantly reduced 
[ 121. The ComhiNOx process furnishes oxidizing CO by 
injecting rehurning fuel upstrcam of the reducing agent. The 
EER patented comhination of rehuming and agent injec- 
tion, called Advanced Rehurning, comprises the first two 
steps of the CornhiNOI process. 

Figure 1 shows schematically how Advanced Rehurning 
was experimentally evaluated. A high-volatile hituminous 
coal Was used ils the primary fuel, while natural gas was 
used as the rehurning fuel. The process can he divided into 
three zones: the region hetween the ton of the furnace and 

m m s r y  zone 

I I - 
the rehum fuel injectors is referred to as the primary zone, 
the region hetween therehurn fuel injectors and the hurnout 
airportsis the reburning zone, the region downstream of ihe 
burnout air ports is refeired to as the humout zone. In thest: experiments, urea was injected within the 
reburning zone. The Advanced Rehurning parameters evaluated included: rehurning zone stoichiometry 
(or C O  level). uwa injection temperature, and hurnout air injection location. 

The effect of rehurn zone stoichiometry on urea perfoimance was evaluated to determine the impacts of 
C O  oxidation on theoptimal temperature window and achievable NOx reductions. The chain hranching 
de-NOx reactions of importance are summarized helow [ 131: 

Figure 1. Advanced rebumiiig pilot scale 
t c h g  schematic. 

NH, + OH -> NH, + H,O 
NH, + NO -> N2 + H,O 
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high, and NH, will he oxidized rather 
than react with NO to fnim molecular 
nitrogen. If temperatures are too low, 

Figure 2 also shows the predicted effect ofc&njecting urea with the equivalent of 3000 ppm CO into 
two different stoichiometric environments. At higher stoichiometries, CO will oxidize more readily and 
generate more radicals, improving urea performance at lower temperatures. hut worsening performance 
at higher temperatures. At the lower stoichiometry, feweradditional radicals a= generated and thecurve 
is not shifted as far to cooler temperatuws. An interesting point is that the SR=1.2 curve is broaderat the 
hottom, hut ri.ws more steeply ils injection temperature inc rews  than the SR=1.02 curve. The 
explanation may he that the increase in radicals at the high temperature side is relatively less for the 
SR=1.02 case than for the SR=1.2 case, resulting in relatively less oxidation of NH,. 

SR=l.(E (CO=SMNtppni) 0 SR=I.Z (CO=O) 

0 S k I . 2  (CO=3tKkl ppin) 
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The design and operating conditions of a 
particular actual comhustion system will sig- 
nificantly influence the amount of CO pro- 
duced at a given stoichiomctry. In the pilot- 
scale tests, the rehurning zonc stoichiometry 
was varied toevaluate the impactofrehurning 
zone CO and 0, levels on urea performance. 
Figure 3 shows the effect of rehurn zone 
stoichiometry on the urea temperature win- 
dow for the small (one million Btu/hr) pilot- 
scale tests. As the rehurn z(me stoichiometry 
drops,CO increases and 0, decreases and the 
temperature window hroadens with the opti- 
mum injection temperature at 1850°F. For a 
rehum zone stoichiometry of 1.02. the win- 
dow not only hroadens, hut deepens as well, 
indicating that this unique comhinition ofCO 
and 0, provides an optimum amount ofradi- 
cals. When SR, was more fuel-rich than this 
optimum. the curve shifted to the left rather 

I I I I I 

15(Xl Ih(K) 1700 1800 1900 2wO 2100 
Urre hjrctiw Trniperuture ("F) 

Figure 3. Ellect 1 1 1  IixA CO concentration (SR) on 
urea perfiirnxuice :II smnll pilot scale. 

than hroadening. This result is helieved to he due to an overabundance of radicals at the high 
temperature level. 

Because the flue gas flow in the sinall pilot-scale furnace is laminar, the mixing properties are not 
representative of a hoiler. Also, flue gas temperature quench rates are much lower than on an actual full- 
scale hoiler. Therefore, the IOmillion Btdhr 
tests were designed to provide information 
on advanced rehurning performance in the 
presenceoflarge scale turbulent mixing phe- 
nomena and at more realistic quench rates. 

1110 Urea WJS in.jected at various temperatures 
forrrhumingzonestoichioinetriesfrom 1.05 90 

to 0.99, which produced CO concentrations g xo 
in the rehurning zone ranging from I .50() to 

,[~ 
I5,000 ppm, respectively. These results are 2 
presented in Figure 4. Contrary to the small '(I 

pilot-scale results, the stoichiometry of the 2 SO 

reburning zone did not appear to have a large 8 dll 
effect on either the optimum injection tem- 
perature or NO reduction. It is hypothesized 
that the CO enhancement relies on mixing to 
distrihute OH radicals to the SNCR agent 
uniformly. At large scale. higger pockets of 
CO and 0, c rxx i s t ,  yielding non-uniform 
concenuations of radicals, and ultimately 
failing to promote the &NOx chemistry as 
well. It may he stated however, that the SR = 

- ... 

g 311 1 
Primary Pucl: Cad 

Bumnut air ilijccled with urea 

ISfXI I ( i t l l l  17(10 IXOU 1900 2oM) 2100 
lire:! Injeclion Temperature ("F) 

Ellect i l l  rehuni m i e  slttichiciinetry on urea 
perlor1n;ince :it luge pilot scale. 

Figure 4. 
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1.20 c u e  whert: no rehurning is per- 
formed (no CO promotion) upstwam 
of urea injection yielded the narrowest 
temperature window. 

The final Advanced Rehurning pa- 
rameter of interest is the location of 
burnout air injection to complete com- 
bustion ofthe rehurning fuel. Figure 5 
shows overall NOx reduction (due to 
rehuminganduEainjection)Ilsafunc- 
tion of hurnout air injection tempera- 
ture (location) for optimum rehurn 
zone stoichiometry and urea injection 
temperature. At small pilot-scale, NOx 
reduction improves as the hurnout air 
is moved away from the urea injection 
point. This is prohahly hecause down- 
stream air prolongs the urea residence 
time in the “optimum” radical envi- 
ronment. Also shown in the figure are 
the large pilot-scale data. NOx ~ d u c -  
tion did not vary with burnout air loca- 
tion at large scnle. From an application 
standpoint, this is important in that it is 
lessexpensive to retrofit Advanced Re- 
hurning to a hoiler if the hurnout air and 
reductionagentcan hein,jectedthrough 
the same openings. 

Figure 6 presents Advanced Rehurning 
NOx reduction levels as a function of 
rehurn zone stoichiometry and urea in- 
jection temperatureat large pilot-scale. 
Compared to traditional agent injec- 
tion, the Advanced Rehurning process 
offers a wider range of urea injection 
temperatures and significantly im- 
proved reduction performance up to 84 
percent. 

METHANOL INJECTION 

The third step of the ComhiNOx pro- 

Coal Primary Fuel 

Urea Iujected a1 1 XO “F 
Solid Synihol: I mni Btu/hr Pilot Scale 
Open Synihol: IO miii Btuhr Pilot Scale 

90 Natural Gas Rehuriiing Fuel 

80 

70 

60 1 
Urea and burnou 
air coinjected 

A 

lo  0 1 
IS00 1 6(X) 1700 1800 1900 

Burnout Air Injwtion Tempature (“9 
Figure ti. Effect of burnout air injection temperature on 

Adv:uictxJ Rehuniiug perfnrmnnce. 

80 \ 
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cess, methanol injection, is performed 
downstream of the Advanced Rehurning 
process. The methmol is intended to 
convert the Noremaining after Advanced 
Rehuming to NO,. Since NO, is very 
water soluhle, it can subsequently he 
removed in wet SO, scruhher operating 
with modified liquor. Based on previous 
kinetic studies, the reaction mechanism 
for the methanol step is [16]: 

CH,OH + OH -> CH,OH + H,O 

CH,OH + 0, -> CH,O + HO, 

HO, + NO -> OH + NO, 

Figure7summari~stheeffect ofmetha- 
no1 injection temperature on the conver- 
sion efficiency of NO to NO,. Depnd-  
ing on residence time and temperature, 
the model predicts an optimum injection 

NO.=Z15 ppm 
CH30H=400 ppm 

Figure 7. Prrdicted effect of temperature and residence lime 
on metlnnol perfonnnnce. 

temperature of between 1500 O F  and 1800 "F. Complete conversion was shown to he theoretically 
possible, with an optimum injection temperature of 1550 "F and a wsidence time of 0.1 seconds. 

Experiments were conducted to verify 
the modeling results at hench- and one 
million Btdhr  pilot-scale. At hench- 
scale. a simulated flue gas was com- 
hined with vaporized methanol and 
introduced into a quartz tuhe reactor. 
The reactor temperature and residence 
times were varied to evaluate their 
impact on NO conversion. At pilot- 
scale, methanol was injected into natu- 
ral gas comhustion products at various 
locations (temperatures) and the re- 
sulting NO and NOx levels were re- 
corded. The residence time at the opti- 
mum injection temperature (+/- 50°F) 
is approximately 6O() msec. Figure 8 
shows that the pilot-scale result for 
natural gas comhustion products and 
the bench-scale data for the same resi- 
dence time agree quite well. 

The experimentall y - d e t e ~ i n e d  opti- 

inn 
vn 
un 
70 

E60 

8 40 

g 50 

30 

zn 
10 

I) 
rm xoo IOM) IZM) 1400 1600 ISOO 

Met1i:oiirl Injection Temperature ("F) 
Figure X. Bench vs Pilot sc;ile meUmol performance. 
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mum methanol injection temperature ranged from 1150°F to 1300°F, which is significantly lower than 
that predicted hy the model. However, the expcrirnental data were ohtained at a residence time of 0.6 
second residence time. while the predictions were performed [or 0.1 second residence time. Additional 
modelling is planned to determine if increasing the Esidence time availahle for methanol reactions shifts 
the optimum injection temperature to lower levels. 

CONCLUSIONS 

These studies have shown the intluence ofthe main parameters controlling performance of the Advanced 
Rehurning process. Close coupling of the C O  level in the reburning zone and the temperature at which 
theagent isinjected isneeded tooptimiw NOxreduction. Studies ofthcmethanol injection stepin bench- 
and pilot-scale reactors have shown that conversion of the NO remaining from the Advanced Reburning 
process to NO, is feacihle. 

In conclusion. the ComhiNOx process, consisting of Advanced Rehurning and methanol injection 
comhined with NOx scruhhing, is a promising retrolit technology lor coal fired utility hoilers. The 
Advanced Rehurning purtion has heen demonstrated at IO millionBtu/hr pilot scale to reduce NOx 
emissions hy 84 percent. The complete process has the potcntial tn  reduce NOz emissions by 90 percent. 
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INTRODUCTION 

A new concept for non-catalytic NO removal from combustion flue gas is being 
developed at the University of Kentucky Center for Applied Energy Research (CAER). Flue 
gas cleanup would be achieved through the use of activated carbons for the selective capture 
of NOx at stack temperatures between 70-120°C followed by desorption of a concentrated 
stream of NO, at elevated temperatures, near 140-150OC. Processing would involve repeated 
NOx adsorption/desorption cycles using the same adsorbent carbon. 

Previous work on the removal and adsorption of NO over carboneous materials has 
focused on the heterogeneous reduction of NO by carbon to CO, CO,, and N,'". The 
proposed reaction mechanisms involve the chemisorption of NO on carbon at temperatures 
near 200°C resulting in the formation of a carbon-NO complex which rearranges to form a 
carbon-oxygen complex and molecular nitrogen'. The amount of NO adsorbed was less than 2 
wt% of the carbon and, upon desorption, 40-50 wt% of the carbon is gasified'z6. Some work 
has been done toward the use of activated carbon to remove NO, from moist off-gases in 
nitric acid plants at ambient temperatures and in the presence of 0,. The NO adsorptive 
capabilities found were low and near 0.16 to 0.7 mg NO/g carbon7. No information has been 
found in the literature concerning NONO, adsorption on active carbon under conditions 
found in combustion flue-gases. 

During this study, the mechanisms and kinetics of NO, adsorption/desorption on 
activated carbon under conditions typical to combustor stacks were investigated by 
thermogravimetry/mass spectrometry (TGNS). Information was obtained concerning the 
requirements for NO, capture, the NO, adsorption capacity of an activated carbon, the effect 
of repeated adsorption/desorption cycles on NO, adsorption, and the mechanism of 
adsorption. 

EXPERIMENTAL 

Instrumentation 
NOx adsorptioddesorption profiles were obtained using a Seiko TGDTA 320 coupled 

to a VG Micromass quadrapole MS. The two instruments were coupled by a heated (170°C ) 
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fused silica capillary transfer line leading from above the sample pan in the TG to an inert 
metrasil molecular leak which interfaced the capillary with the enclosed ion source of the MS. 
The TG was connected to a disk station which provided for programmable control of the 
furnace, continuous weight measurements, sweep gas valve switching, data analysis, and export 
of data to other computers. The MS has a Nier type enclosed ion source, a triple mass filter, 
and two detectors (a Faraday cup and a secondary emissions multiplier). The MS was 
controlled by a dedicated personal computer which was also used to acquire and review scans 
before export to a spreadsheet for data manipulation. 

TG-MS urocedures 

profiles were: sweep gas flow rate of 200 ml/min metered at room temperature and pressure 
and a constant carbon sample volume weighing approximately 20 mg. The MS was scanned 
over a 0-100 amu range with measurement intervals of approximately 30 seconds. NO (mass 
30) or NO, (mass 30 and 46) were identified by comparing amu 30/46 ion ratios. These ratios 
were determined for all combinations of gases flowing through the TG-MS system both with 
and without carbon in the TG sample pan. 

The TG conditions kept constant during the acquisition of adsorption/desorption 

The TG heating regime used to produce NO, adsorption/desorption profiles 
incorporated segments for outgassing, cooling, adsorption, desorption, and temperature- 
induced desorption. Table I shows a typical heating program for a single adsorption/ 
desorption cycle. During outgassing and subsequent cooling of the carbon sample io an 
adsorption temperature (segments a and b, Table I), an inert (He) gas sweep was usually 
used. However, 0, and CO, pretreatments of the carbon were also done during these steps 
for some experiments. Maximum outgassing temperature was always the same as the 
maximum used during temperature programmed desorption (step e). After preconditioning of 
the carbon, NO or NO, was introduced in a simulated flue gas atmosphere containing either 
0, or CO, or both 0, and CO,. After completion of an adsorption interval (30 or 60 
minutes), He was again used to purge the system during segments d and e. Two maximum 
desorption temperatures were used, 300 and 400°C. Multiple and consecutive 
adsorption/desorption cycles were performed by recycling the temperature programmer to 
segment b. 

Materials and simulated flue eas comuosition 
A commercially (Carbo Tech) produced coal-based carbon was used. This carbon was 

produced by physical activation and had a N, BET surface area of 450 m2/g. 

During this study, the concentrations of gases used during adsorption and pretreatments 
were: 2% or 0.3% NO or NO,; 5% 0,, 15% CO, and He as the balance. NO adsorption 
capacity of the activated carbon studied was determined for the following combinations of 
gases: 2% NO with 0, and CO,; 2% NO in He alone; 0.3% NO in 0, and CO,; 0.3% NO in 
either 0, or CO,; 0.3% NO in He with carbon presaturated with either 0, or CO,; 0.3% NO 
in He alone; and 0.3% NO, in 0, and CO, 

RESULTS AND DISCUSSION 

Cauacitv of activated carbon to selectivelv cauture NO 

to show effective and rapid removal of NO from simulated flue gas by activated carbon. 
Both single cycle and repeated cycles TG-MS adsorption/desorption profiles were used 
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During a single NO adsorption/desorption cycle using a simulated flue gas with a high NO 
concentration (2% NO, 15% CO, and 5% 0, with a balance of He), 0.14.g NO/g carbon was 
adsorbed in 30 minutes as evidenced by the increased weight of the carbon (Figure 1). 
Increasing the adsorption time to 60 minutes only marginally increased NO capture to 0.16 g 
NO/g carbon. Desorption of NOx from the carbon through both physidesorption and 
temperature programmed desorption was confirmed by the mass spectra showing a major 
peak in the ion intensity of amu 30 (the primary ion mass for both NO and NO,) coinciding 
with the TG monitored weight loss. A small peak was also observed for amu 46, a secondary 
ion mass for NO,. The temperature of maximum desorption occurred at 1400C. 

Repeated cycling of the same carbon through three NO, adsorption/desorption cycles, 
resulted in a 15% total loss of adsorptive capacity (Figure 2). The maximum desorption 
temperature (400°C) used during this experiment was higher than the 250-3OO0C required for 
complete NOx desorption. Since the loss in adsorptive capacity of the carbon coincided with a 
0.5-1.0 wt% loss of carbon, possibly through oxidation/gasification, lowering the desorption 
temperature should reduce this already small loss in adsorptive capacity. 

Effect of flue gas constituents on NO, adsorption 
To determine the effect of typical flue gas constituents on the kinetics of NO 

adsorption, a parametric study was done using 0.3% NO in various combinations with 0, 
(5%), CO, (15%), and He (balance) (Figure 3). Adsorption time for all experiments was kept 
constant at 60 minutes. NO capture was dependent on the presence of 0, but was not 
significantly affected by the presence of CO,. Presaturation of carbon with 0, followed by NO 
adsorption in He increased adsorption from 1 wt% using He alone to 6 wt% suggesting a 
carbon surface reaction mechanism. Control experiments without NO present during 
adsorption showed that 1% or less of the weight gain during NO adsorption resulted from 0, 
CO, or He adsorption on the carbon(Figure 3). 

Possible reaction mechanism 
The dependency of NO adsorption on the presence of 0, suggests that.NO must be 

converted to a surface-species simila; to NO, during the adsorpiion-Gep. Simultaneous 
differential thermal analyses (DTA) conducted during these experiments supported such 
conversion. A significant exotherm accompanied NO adsorption (Figure 4) whereas, no heat 
of reaction was associated with NO, adsorption (Figure 5). 

A comparison of MS ion ratios for masses (30/46) for all combinations of NO or NO, 
and 0, or CO, flowing through the TG-MS system with and without activated carbon in the 
sample pan shows the differences obtained in these ratios (Figure 6). These differences were 
used to identify the form of NO, desorbed from the carbon. Since the (30/46) ion ratios for 
all combinations of NO or NO, with 0, or CO, were less than 20, an experiment where 
desorption occurred in a He sweep with low baseline levels of 0, and CO, was necessary. 
This requirement was met by presaturating carbon with 0, followed by adsorption and 
desorption in He. The ion ratio during desorption for this experiment was 94 and most closely 
matched the ion ratio for NO, in He (Figure 7). For comparison, the desorption ion ratio for 
a NO, CO, 0, experiment is also shown. 

SUMMARY AND CONCLUSIONS 

The data presented provides evidence for the selective capture of NO, by activated 

! 
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carbons in the presence of typical flue gas components. The NO adsorption capacities 
approached 0.16 g NO/g carbon. Adsorption of NO was rapid only in the presence of 0, 
was not influenced by the presence of CO, and involved the exothermic conversion of NO to 
NO,-like species at the surface of the carbon. The capacity for NO adsorption was only 
slightly diminished by repeated adsorptioddesorption cycles. At desorption temperature as 
high as 4OOOC, the capacity after three cycles decreased to about 85% of the original value 
with a coincident loss of 0.5-1.0 wt% of the carbon. The results suggested that activated 
carbon can be used for NO, flue gas clean-up and would provide a simple alternative to more 
expensive and complex methods such as selective catalytic reduction. 
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Table I. Typical TG heating regime for acquisition of NO, heating profile. 
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Figure 1. Single adsorption/desorption profile. Adsorption atmosphere: 2% NO, 5% 
0, 15% CO, and He balance; adsorption time: 30 min. 
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Figure 4. Simultaneous TG/DTA of NO adsorption on activated carbon. Adsorption 
atmosphere: 0.3% NO, 5% 0,15% CO, and He balance; adsorption time: 60 min. 

8 

6 

4 

2 

0 

a -2 

-4 

-6 

% 
s 

I 

0 100 200 

Time in minutes 

300 

0 

6, 
200 4 

E 
e 
E 

3 c 

100 

112 

110 

300 

0 

[3) 

200 4 
II 

al 

3 
L 

c 

e 
100 E 

E 
a, 
I- 

O 

100 

99 

98 
al 

9) 

97 2 
96 tl 
I 
4- 

95 .ol 
94 s 
93 

92 

Figure 5. Simultaneous TG/DTA of NO, adsorption on activated carbon. Adsorption 
atmosphere: 0.3% NO, 5% 0,15% CO, and He balance; adsorption time: 60 min. 

‘132 



NO2 over carbon 

Nor only OZ+NO* C 0 2 t N O r  

5 

Sweep gases 

Figure 6. Mass (30/46) ion ratio for various combinations of NO or NO, and 0, or CO, with 
and without the presence of carbon in the TG sample pan as determined by MS. 

150 

100 

50 

Z 0  * 
~6 
2 
U 

E 
4 

2 

0 

NO + presaturated 02  

NO + C 0 2  + 02 

......_.....-----.. 

300 

200 

100 

C .- 
O E  

E 

n 

k 
e 300 

200 

100 

0 
2 4 6 a i o  12 14 1 6  

Normalized t ime, min 

.i 

Figure 7. Mass (30/46) ion ratios during desorption of NO, from activated carbon. 

733 



Reaction Kinetics of Selective Non-Catalytic 
NO, Reduction with Urea 

William H. Sun, Penelope Stamatakis, John E. Hofmann 
Nalco Fuel Tech 

NaperVille, Illinois, U.S.A. 

Abstract 

Selective Non-Catalytic Reduction (SNCR) of NO, with urea has 
proven to be an effective method in controlling NO, from various 
stationary combustion sources. The chemistry of this process that 
is.marketed under the name of NO,OUT@, was modelled to identify 
malor pathways, limitations, and important parameters. The 
chemical kinetic model includes over 90 elementary radical 
reactions among various stable and radical species. The developed 
model has been validated with data generated from a pilot facility. 

The model provided understanding of the effects of residence time, 
treatment rate and baseline NO,, oxygen and CO concentrations. In 
addition, the lowest achievable NO, concentration, referred as 
'Critical NO,', has been identified. This limit is the result of 
the chemical reaction kinetics. The existence of such limit is 
explained through reaction chemistry and validated with laboratory 
and field data. 

Introduction 

Post combustion NO, control methods reduce NO, after its formation 
is completed. Other methods such as flue gas recirculation and 
staged combustion limit the formation of NO, by lowering combustion 
temperature or by limiting oxygen for N2 oxidation. Once NO, is 
formed, post combustion control methods take advantage of the 
highly selective reactions between ammonia and NO, or urea and NO,. 
These reactions occur at temperatures between 850 - 1100 OC without 
a catalyst and are called selective noncatalytic reactions (SNCR) . 
Ammonia injection is an Exxon process and has been called the 
Thermal DeNO, Process [1,2] while the urea injection was patented 
by EPRI [ 3 , 4 ] .  Nalco Fuel Tech is EPRI's exclusive licensing 
agent, and the technology is being marketed as N0,OUT Process. At 
lower temperatures (300 - 500 OC), various metal and ceramic 
catalysts are required to reduce NO, by reacting with ammonia 
(SCR) [SI * 

N0,OUT Kinetic Model 

AS part of a development effort, a chemical kinetic model has been 
developed to understand the basic chemistry, to determine important 
factors and to define the limits of process capability. This model 
describes an ideal plug flow, i.e., no temperature or species 
concentration gradient in radial direction and no back-mixing. 
Chemical reactions along an ideal plug flow can be described by a 
set Of ordinary differential equations. Reaction rates, density, 
and thermodynamic information are supplied through a library of 
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gas-phase subroutines called CHEMKIN developed at the sandia 
National Laboratories 161. The CHEMKIN requires a user supplied 
chemical reaction set and a thermodynamic data set. The resulting 
set of equations is integrated simultaneously with a numerical 
integrator called LSODE [ 7 ] .  The enthalpy equation is neglected in 
the model. Instead, measured or calculated temperature profiles 
are required as an input to the model. Computational fluid 
dynamics modelling is extensively used to provide temperature and 
residence time relationships for the kinetic model [ 8 ] .  Initial 
conditions are the equilibrium concentrations at flue gas 
temperatures and excess O2 as measured. Measured NO, and CO 
concentrations are also inputs. 

The reaction set is adopted from the work of Miller and Bowman [9]. 
From this set, reactions involving hydrocarbons were neglected. 
The wet CO oxidation reactions, ammonia oxidation reactions, and 
HCN oxidation reactions make up the set. Urea decomposition is 
modelled as a rapid and one step breakdown to NH3 and HNCO. The 
reaction set consists of 92 reactions describing interactions among 
31 species. The major pathway of urea breakdown and reaction with 
NO, is shown in Fig. 1. Ammonia and HNCO, the assumed breakdown 
products of urea, must react with chain carrier radicals, 0, OH, 
and H, before reacting with NO. Under oxygen rich conditions, OH 
concentrations are several orders of magnitude higher than 0 or H. 
Therefore, reactions involving OH radicals are more important than 
those involving 0 or H .  Reaction products of NH3 and HNCO with OH 
are NH2 and NCO. These compounds reduce NO, or react with OH to 
form NO, according to reactions listed below. The balance between 
formation and destruction of NO, hinges on concentration of OH and 
temperature. 

~ n 3  i on = N H ~  i 1320 Activation Reactions 
nNco i on = NCO + 1320 
~ n 2  i NO = NNH + on 
~ n 2  i NO = ~2 + ~ 2 0  NO, Destruction Reactions 
NCO NO = N20 + co 
N20 ---> N2 
NNH ---> N2 

tin2 + on = NH + 1420 
N n  + OH = nNo + H 
NCO i OH = NO + co i n 
HNO + OH = NO + H20 

Model Validation 

NO, Formation Reactions 

Results from a pilot scale combustor are compared with results from 
the developed model. A schematic of the pilot combustor and the 
analytical setup is shown in Fig. 2. The test zone of the 
combustor was kept isothermal by electrical heating. The residence 
time at this zone was about 0.7 seconds. This is the average 
residence time between the injection point and the end of the 
isothermal zone. Urea solution was injected co-flow with an air 
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atomized nozzle located along the axis of the test zone. 
Temperature was varied from 700  OC to 1070 OC, baseline NO, at -300 
ppm, and a treatment rate at NSR of 2. NSR is defined as the 
actual mole ratio of urea to NO, divided by the theoretical 
stoichiometric ratio, which is 0.5 for the reaction between urea 
and NO,. Comparison of the model and experimental results is shown 
in Fig. 3. The available chemical reaction time is less than the 
residence time because part of the residence time is used to 
distribute and evaporate droplets. Because of these delays, model 
results for reaction times of 0.1, 0.3, 0.5, and 0.7 seconds are 
compared to the experimental results. As shown, the trend and the 
shape of the experimental results are well modelled. 

A range of temperature where significant NO, reductions are 
obtained is called the temperature window as indicated on Fig. 3. 
Within this window, controlled NO, versus temperature curve 
consists of three zones: left side, right side and plateau. This 
shape is a result of competing reactions (formation vs. 
destruction) on the right side and a limitation of reaction time 
due to slow reaction rates on the left side. On the plateau zone, 
destruction reaction rates are sufficiently fast while formation 
reactions are slow, yielding optimum NO, reductions. Although the 
reduction is less than the maximum, operation on the right side is 
practiced and recommended since byproduct emissions are low on the 
right side [lo]. 

Treatment Rate 

Increasing NSR has a diminishing return in NO, reduction. In Fig. 
4 ,  model results of NO, concentration as a function of NSR are 
presented at several temperatures. NO decreases with increasing 
NSR at temperatures within the window; fncreasing NSR increases NO 
at higher temperatures. At temperatures between 900 and 1200 Oc: 
NO, reaches a limit at an NSR of about 2. A further increase from 
NSR of 2 increases NO, for 1200 OC case but has no effect at lower 
temperatures. 

Residence Time 

The temperature window becomes wider with an increase in residence 
time. As shown in Fig. 5, the window is about 150 OC wide at 0.1 
second but the window increases to 300 OC at one second. This 
widening occurs on the left side only and has virtually no effect 
on the right side. On the plateau region, reactions are 
essentially complete after 0 . 6  seconds and even shorter (0.2 
seconds) at temperatures above 1100 OC. 

Baseline NO, 

The controlled NO, is unaffected by the baseline NO, at the plateau 
zone, while NO, increased at higher baselines on the left and right 
sides. Fig. 6 shows NO concentration versus temperature at 100, 
200, and 500 ppm basenne NO,. NSR is kept constant at 2 and 
residence time is 1 second. At 1200 OC, NO, increased from 100 ppm 
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to 120 ppm, but decreased from 500 ppm down to - 3 0 0  ppm. This 
indicates that NO, can be reduced even at high temperatures 
provided that baseline NO, concentrations are also high. In terms 
of reduction, the temperature window widens toward the higher, 
temperature side with increases in baseline NO, as shown in Fig. 7 .  

Excess Oxvaen 

The effect of excess oxygen is studied by modelling at several 
levels of excess oxygen and substoichiometric conditions. The fuel 
equivalence ratio was 1.1 for the substoichiometric case. As shown 
in Fig. 8 ,  temperature windows are affected slightly as oxygen 
increased beyond 3 % .  However, at less than 3% 02, the temperature 
window shifted about 80  OC for a change in excess oxygen from 0.5 
to 0.1%. Under a substoichiometric condition, the window shifted 
to temperatures above 1200 OC. This shift to higher temperatures 
is the result of reduction in OH concentration. Under a typical 
oxygen rich condition, OH concentrations are not strongly affected 
by 02. Near the stoichiometric condition, however, a slight 
decrease in excess oxygen directly reduces OH radicals, which in 
turn, slows the activation reactions and shifts the window to 
higher temperatures. Experimental investigation of urea injection 
under oxygen starved condition by Arand and Muzio also indicates 
that the window exists at much higher temperature under fuel rich 
conditions [ 4 ) .  The present reaction set does not address 
hydrocarbon reactions and therefore the modelling of stoichiometric 
and fuel rich conditions needs further work. Nevertheless, very 
low excess oxygen conditions shift a temperature window to higher 
temperatures. 

Carbon Monoxide Concentration 

Carbon monoxide oxidizes to generate H, 0, and OH radicals through 
reactions listed below. Overall, one mole of CO generates two 
moles of OH radicals. 

co + on -----> c02 + n \ 
H + 02 ---- -> on + o -- co + 02 + 1320 ----> c02 + 2 OH 
0 + H20 -----> 2 OH 1 

This additional source OH increases rates of the activation 
reactions and the NO, formation reactions. A net result is 
shifting of temperature windows to lower temperatures with CO 
concentration as shown in Fig. 9 .  Therefore, CO enhances the 
process performance when operating on the left side, but degrades 
reductions on the right side. 

Critical NO, 

On Fig. 5, part of the curve that represents the controlled NO, 
concentrations at 1 second residence time and at temperatures 
between 900 and 1300 OC is the lowest achievable NO, concentration 
curve. Increases in residence time or NSR do not lower NO, below 
this curve. On Fig 10, NO, concentrations are plotted for the 
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equilibrium concentration of CO at three baseline NO, 
concentrations. At temperatures below 900 OC, 10 seconds of 
residence time are required to determine the lowest achievable 
concentration. This minimum achievable NO, concentration through 
urea injection, is termed as 'Critical NO,', as first indicated by 
Fenimore [ll] for the Thermal DeNO, process. Neither an increase 
in residence time nor treatment rate above a certain value Will 
lower the controlled NO, below this critical NO, concentration. 

The existence of critical NO, and its lack of dependencies to 
residence time and treatment rate are understood through a 
simplified chemical kinetic analysis. The change of NO 
concentration with respect to time for following reactions is 
formulated as equation 1. 

NO + NH2 ---> --> N2 1 
NO + NCO ---> --> N2 2 
NH2 + OH ---> --> NO 3 
NCO + OH ---> --> NO 4 

d[NOI ----- = -kl[NH2][NO] - kZ[NCO][NO] + k,[NHz][OH] + k4[NCO][OH] (1) 
dt 

With urea injection, NO, concentration will change from its 
baseline value to a steady state value. At this point, the 
lefthand side of the above equation becomes zero. After 
rearranging, an expression for critical NO,, [NO],, is arrived as 
equation 2. 

[OHI{~~[NHZI + k4ENCOII dINO1 
( 2 )  [NO], -------_---------------------. ----- = 

{~~[NHzI + kz[NCOII dt 

This equation is further simplified for cases where NH2 is 
comparable to NCO, NHz is in large excess of NCO, and NCO is in 
large excess of NH2. 

(k3 + k4) 

(kl + kz) 
NH2 -. NCO [NO], = [OH] _---------- 

k3 

kl 
[NO], = [OH] ---- 

k4 

k2 
[NO], = [OH] ---- 

NH2 >-> NCO 

NCO >> NHZ 

These three cases show that NO, is only a function of OH 
concentration at a given temperature and does not dependent on 
residence time or NSR. However, chemicals that generate CO and 
consequently increase the OH concentration will affect the critical 
NO, - 



The critical NO, limits the process on the right side of the 
window. As shown in Fig. 10, the critical NO, concentrations are 
leS5 than 40 ppm at 1050 OC and even lower at temperatures below 
1000 OC. These low levels usually do not limit process 
applications. Instead, the critical NO, limits achieving low 
controlled NO, concentrations at high temperatures where NO, 
increases sharply with temperature and baseline NO,. Finally, 
reductions are achievable as long as a baseline NO, is higher than 
the critical NO, concentration. 

Laboratorv and Field Verification 

The model study indicates that achievable NO, concentrations are 
limited by Critical NO, and this limit is mainly affected by 
temperatures. Case 1 and case 2 exhibit the process limitation due 
to NO, while case 3 shows that reductions are possible even at high 
temperatures if baseline NO, is greater than the NO,. 

Case 1. 

A N0,OUT Process testing on a coal fired boiler revealed that NO, 
reduction increased with decreasing boiler load, as shown in Fig. 
11. At full load, NO, reduction remained essentially unchanged in 
spite of a series of injection optimization tests. However, a 
slight reduction in boiler load from 100% to 90% increased NO, 
reduction. At full load, reaction is occurring at the steep part 
of the NO, curve, and therefore, NO, reduction improved rapidly 
with decreasing load under an essentially identical injection 
configuration. The controlled NO, curve on Fig. 10 virtually 
represents the critical NO, curve for this boiler. 

Case 2. 

During a process demonstration at an ethylene cracker, NO, 
reduction was limited regardless of the N0,OUT Process parameters. 
The cracker unit operated steadily at a temperature of 
approximately 1050 'C. When the unit operated at a higher NO, 
baseline, NO, reduction increased, but the lowest achievable NO, 
concentration remained the same, as shown in Fig. 12. Increasing 
NSR or other methods to optimize chemical distribution had no 
effect on the lowest controlled NO,. This showed the existence of 
critical NO, that is unaffected by NSR, chemical distribution, or 
baseline NO,. 

Case 3 .  

An increase in NO, baseline shifts the right side of the 
temperature window to a higher temperature. To verify this, a 
pilot scale combustor was operated at 1200 OC and the baseline NO 
concentration was increased from 150 to 750 ppm. At baseline NO: 
below about 200 ppm, NO, increased with urea injection, while at 
higher than 200 ppm, NO, decreased as shown in Fig. 13. Comparison 
with ammonia injection showed that urea is more effective in 
reducing NO, at high temperatures than ammonia. 
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Conclusions 

The reaction kinetic model has proven to be a valuable tool in the 
development of the N0,OUT Process. Model predictions with respect 
to the temperature window, the effect of residence time and CO, the 
effect of very low excess oxygen, and the phenomenon of critical 
NO,, which limits NO, reduction at the high end of the temperature 
window, have all been verified in laboratory and field tests. The 
temperature window is defined primarily by residence time at the 
low temperature (left) side and by baseline and critical NO, at the 
high temperature (right) side of the window. 

The model is now used to define temperature/residence time 
requirements for specific applications and to predict maximum 
achievable NO, reduction. The model has also shown that the N0,OUT 
Process can be applied at higher temperatures than previously 
thought applicable provided that the NO, baseline is sufficiently 
high. 

. 
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N20 DECOMPOSITION CATALYZED IN THE GAS PHASE BY SODIUM 

S. L. Chen, R. Seeker, R. K. Lyon, and L. HO 
Energy and Environmental Research Corp 

18 Mason 
Irvine, CA. 92718 

Key words: N 0, sodium atom, fluid bed combustion, urea injection 

INTRODUCTION 

The concentration of N 0 in the atmosphere is observed to be 
increasing at a rate of 0.18%2to 0.26% annually. This increase in the N 0 
concentration is presumably the result of one or more human activities, 
though the activities responsible have not been identified with 
certainty. Whatever the source of the N 0 its increase in the atmosphere 
is a matter of concern both because N 0 ?s a greenhouse gas and because it 2 has a major and unfavorable influence on the ozone layer (1,2,3). 

2 

Until recently it was believed that in additions to its problems 
with NO, NO , and SO emissions pulverized coal firing also had a severe 
problem wit2 N 0 emissions. Weiss and Craig ( 4 ) .  Pierotti and Rasmussen 
( 5 ) .  Hae et a12(6), and C. Caetaldinin et a1 ( 7 ) .  have all reported 
measurements of N 0 emissions by pulverized coal fired utility boilers 
( 8 ) .  
one accipted this 25% correlation between N 0 and NOx emissions, the 
observed increase in N 0 concentration coula be accounted for with 
reasonable accuracy 
addition to its problems with NO, NO and SO emissions pulverized coal 
firing appeared to be an unacceptable technology because of its N 0 
emissions. 

2 

N 0 levels af approximately 25% of the NO emissions were found. If 

ai coming from pulverized coal firing ( 5 ) .  Thus in 

2 
2 

Lyon and coworkers (9) have, however, shown that when samples of 
combustion gases are allowed to stand for periods of hours, chemical 
reactions occur which form N 0. Since the studies mentioned above all 
involved taking samples for later analysis, they were all subject to this 
artifact and it was possible that the N 0 which was apparently present in 
gases from pulverized coal firing was ia fact absent. Later measurements 
of N 0 emissions for numerous pulverized coal fired utility boilers and 
othe? large combustion systems confirmed this expectation, i.e. none of 
the long established combustion technologies were found to produce 
significant quantities of N 0 (10). Given N 0 is unstable at extremely 
high temperatures and that 111 the long estaglished combustion 
technologies involve extremely high temperatures, this result is not 
surprising. 

For the much lower temperatures involved in fluid bed combustion, however, 
N 0 production is quite high (11) and this may be a barrier to extending 
t2e industrial use of this technology. 

N 0 emissions are also a problem in the NOxOUT and RAPRENOx technologies 
far controlling NOx emissions, but not in the Thermal DeNOx process. In 
the latter NHJ is injected into hot flue gas, and NO is reduced by the 



NH +NO reaction. In RAPRENOx, however, HNCO is injected, the NCO radical 
ca? be formed, and N 0 can be formed via the NCO+NO=N O+CO reaction. 
Since the urea injecged in the 
NOxOUT process decomposes to equimolar amounts of NH3 and HNCO this 
technology aleo has a problem with N20 production. 

This paper reports the discovery of a promising new method of controlling 
the emissions of N 2 0 .  
MBTU/hr natural gas fired research combustor and has been examined by 
computer modeling. 

2 

This discovery has been demonstrated on a 0.3 

APPARRTUS, EXPERIMENTAL PROCEDURES AND COMPUTER MODELING PROCEDURES 

Experiments were done in a 15 .2  centimeter diameter by 2.4 meter long 
refractory lined tunnel furnace which has been described in detail 
elsewhere ( 1 2 ) .  
Computer modeling experiments were done using the reaction mechanism shown 
in Table 1 with the PC version of Chemkin. While this program is 
nominally limited to gas phase specie, the presence of liquid phase 
materials such as Na2C03 was easily handled by aseuming a fictional gas 
phase specie with thermodynamic properties such that at equilibrium it 
produced the same gas phase species in the same amounts as does the 
vaporization of the liquid phase material. 

EXPERIMENTAL RESULTS 

A series of experiments was done in which the effects of various additives 
on the reduction of NO by urea injection was examined. Figure 1 shows the 
results of an experiment comparing NO reduction by urea and by urea mixed 
with monosodium glutamate (MSG). The urea-MSG mixture achieves a deeper 
reduction of NO over a wider temperature range than did pure urea. While 
reeults similar to this were obtained with other mixtures of urea with 
organic compounds, a8 shown in Figure 2 the addition of MSG was also found 
to greatly decrease the production of N 0. 

2 

Figure 3 shows the effect on N20 production during NO reduction by urea of 
adding Na CO and Na2SO4. 

Figure 4 shows the results of an experiment in which solid Na CO was 
3 injected into the post combustion gases at a point at which taeir 

temperature was 2150°F and N 0 was injected at a downstream point for 
which the temperature was 18iiO°F. 
Na CO injection is an effective method for N 0 removal, they show that in 
some manner the Na co 
molecules being removed for each injected Na2CO:. 

Figure 5 ehows computer modeling calculations which will be discussed 
later and experimental data for the temperature dependence of Na CO 
catalyzed N 0 decomposition. 
experimentaf error the rate of N 0 decomposition is independent of whether 
50 or lOOppm Na2C03 is used to catalyze the decomposition. 

2 3  

Not only do these reeults show that 

2 3  
acts as a catalyst for2N o removal, many N o 

2 3  2 

It i s  interesting to note that witiin3 
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6 shows the effect of SO on the Na2C03 catalyzed decomposition Of 2 While the presence of so does to some extent reduce the ability of 
to catalyze the decompogition of N20, even high ratios of SO2 to 
are not able to completely inhibit this catalyzed reaction. 

COMPUTER MODELING RESULTS 

At high temperatures the thermodynamically most favorable path for Na2C03 
vaporization is the reaction Na CO = 2Na + 1/20 +C02. Figure 7 shows 
the calculated equilibrium for t2is reaction. 
between sodium atom and N 0 has been measured by a number of investigators 
and is relatively well eszablished as are all of the other reactions shown 
in Table 1 with the exception of Na+Na+O =NaO+NaO. Since this reaction is 
analogous to a number of reactions which’are known to be extremely rapid, 
it is assumed to occur with a rate equal to the three body collision rate. 

In doing these calculations it was also assumed that the vaporization of 
Na CO achieves equilibrium instantaneously. 

The predictions of this computer model agree with experiment i n  that the 
model shows that Na CO can cause rapid N 0 decomposition, that this N 0 
decomposition is caealytic, and that it occurs only above a threshold 
temperature which the model approximately predicts. 

In qualitative terms this reaction mechanism also explains the fact that 

wizh Na co conv?rt?ng it to nonsolatile Na2S04. 
coated iiti a layer of Na SO 
would be reduced. 

CONCLUSIONS 

The injection of sodium carbonate has been shown to be an effective method 
of preventing the emission of N 0 in combustion systems. This 
decomposition is catalytic but &curs in the gas phase. Computer modeling 
studies suggest that in this catalytic gas phase decomposition the 
reactions Na+N O=NaO+N2 and 2NaO=2Na+02 are important. 

3 Th? rate of the reaction 

2 3  

3 2 2 1 
I)  

/ , SO inhibited Na CO catalyzed N 0 decomposition, i.e. SO reacts readily 
once th? Na2C03 becomes 

its ability to exert its vapor pressure 2 4  
i I 

2 
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UREA a n d  Nag02 P r e m l x e d  
SO2 DOPING WITH NATURAL GAS. 
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